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C hapter 1 
INTRODUCTION 
Many mathematical models have been developed to help the 
hydraulic engineer with respect to sediment transport (1 , 3 ,  4). Some 
models have been found to be better than others in specific 
applications; however, HEC -6 Scour and Deposition in Rivers and 
Reservoirs has proved to be a very useful model for a wide variety of 
applications (1 1 ). 
HEC-6 Scour and Deposition in Rivers and Reservoirs (referred 
to as "HEC-6" or "the model" hereafter) was developed by William A. 
Thomas. The initial work was performed in the Little Rock District, 
Corps of Engineers and was later completed at The Hydrologic Engineering 
Center in Davis, C alifornia. 
The flexibility, adaptability, usability, portability and 
expandability (1 1 )  of the model has lead to it being used in many 
federal, state, private, and academic agencies. Each agency, having its 
own interests, has adapted and expanded the model for their needs. One 
such expans ion was performed by Dr. Alan Prasuhn, Professor of C ivil 
Engineering, South Dakota State University, Brookings, South Dakota. 
Funding was provided by the Office of Water Research and Technology, 
U.S. Department of the Interior, Washington, D.C. to study the modeling 
of scour and backwater at highway bridges due to debris accumulation 
(8). To complete Prasuhn's study it was necessary to expand the model 
to include larger sediment sizes, introduce additional transport 
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functions, add pier scour equations, and incorporate a bridge hydraulics 
routine (8). The bridge hydraulics routine was necessary to simulate 
flow and sediment transport conditions when the water surface impinges 
on the bridge deck. Under these conditions, pressure flow under the 
bridge occurs and the validity of the sediment transport equations is in 
question. Because of the uncertainty in this area, a series of 
laboratory experiments were performed to verify the model in this 
application. The procedures used and results obtained in the laboratory 
are presented in this paper. 
Clear water was discharged into a flume with a sand bed and the 
water surface was forced to impinge on a simulated bridge deck. 
Photographs of the adjustment to the water surface and bed profiles with 
respect to time were taken through the plexiglass walls of the flume. 
The experimental results were then compared with the results obtained 
from the model operating with the same sediment, geometric, and 
hydrological conditions. Nine experimental trials were performed (see 
Appendix A) . Four trials and their comparison with the model are 
presented in Chapter 4 of this paper. 
Using the same laboratory equipment, another experiment was 
conducted to verify the armoring characteristics in the model. During 
the initial time periods, the model assumes the material in the bed to 
be uniformly distributed. Most often this is not the case in a natural 
stream. With time, the smaller particles in the bed of a natural stream 
will scour away exposing the larger particles. These larger particles 
will accumulate on the surface of the streambed assuming that the flow 
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conditions do not increase to a degree where the larger particles are 
scoured away . Eventually, a stable surface layer known as an armor 
layer will form on the surface of the streambed. It is necessary for 
the model to simulate armoring conditions so it can be applied to 
streambeds with non-uniform bed material. 
By introducing clear water into the upstream of the flume it 
was felt that adequate scour would occur to produce an armor layer. 
Four experimental trials were performed (see Appendix A) . Three 
different mixtures of pea rock and sand were used to produce an armor 
layer at several depths of scour. The results, compared with the model 
armoring, are presented in C hapter 4 of this paper. 
It is very important that both the pressurized flow conditions 
and the armoring characteristics of the model be verified. The armoring 
routine is common to all applications of the model. Therefore, if the 
behavior of the armoring in the model were in error it could affect 
verification of other routines in the model. For this reason, a sand 
bed that would not armor was used for the verification of the 
pressurized flow conditions. The application of the bridge deck 
routine, i.e. pressurized flow, is of great interest to the Federal 
Highway Administration. During flood flows, undermining of the 
foundations occurs simultaneously with a large lateral force on the 
bridge causing failure of the entire structure. Modeling of this 
phenomena would help the engineer in designing the structure to resist 
failure under these conditions. 
Chapter 2 
THE MATHEMATICAL MODEL 
HEC-6 has been applied successfully to a variety of different 
problems (6, 9 ). Verification of the model was also performed by 
William A. Thomas and Alan L. Pras uhn (1 1 ). 
In pres enting the model, Thomas and Prasuhn point out that it 
is particularly adaptable to many problems because of its ability to 
generate much of its own data if the data is not available to the 
engineer. On the other hand, if the detailed data is available, the 
model has the ability to accept it. This allows "the engineer to apply 
the computer program to his study rather than to spend time simplifying 
and approximating the study to fit the requirements of a computer 
program" (1 1 ). 
The model was verified with two sets of laboratory data, field 
data from Fort Randall Dam on the Missouri River, field data from the 
Ozark Reservoir on the Arkansas River, and an application to the Boise 
River near Boise, Idaho. In all forms of verification, the accuracy of 
the model was found to be acceptable. A portion of Thomas and Prasuhn' s 
conclus ions s tate: 
The computer program will give estimates of changes in 
stream bed profile, bed composition, water surface profile, 
and sediment load resulting from changes in geometry, 
gradation or amount of inflowing sediment load, gradation of 
material in the streambed, or water discharge hydrograph 
(1 1 ). 
When the water s urface impinges on the bridge deck, the 
headless acros s the deck is calculated by a Federal Highway 
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(1 ) 
Where Q is the discharge, C d is the discharge coefficient with a default 
value of 0 .80, B is the net waterway width under the bridge, Z is the 
vertical distance from the mean bed under the bridge to the bottom of 
the deck, and flh is the difference in water surface elevation between 
the upstream and downstream sides of the bridge . Since the mode 1 
calculates the water surface elevations from the downs tream end and 
works upstream, flh is added to the water surface elevation at the 
downstream side of the deck to obtain the water surface elevation at the 
upstream side of the deck. Verification of this procedure is presented 
in C hapter 4 of this paper. 
Weir flow occurs over the bridge deck when the headloss through 
the structure increases to the point of forcing the upstream water 
surface elevation above the elevation of the approaches or the bridge 
itself. This case has not been introduced into the model thus far . 
According to Prasuhn, " Increased weir flow diverts more and more of the 
total flow from the bridge opening, and the tendency for s cour under the 
bridge probably does not increase significantly beyond that at incipient 
weir flow." (8) . 
When the water surface impinges on the bridge deck, several 
problems occur with respect to calculating sediment transport at this 
section. The model normally calulates a slope at a given section based 
on the energy grade line in the vicinity of the section. This energy 
grade line is obtained by adding the velocity head to the water surface 
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elevation . In the cas e of the section where the bridge deck is present 
and the water surface is impinging on the deck of the bridge, the slope, 
i.e . energy grade line, will be a function of equation (1) and in exces s 
of the s tream slope . To model this problem, the following as s umption is 
made by Prasuhn: 
In order to avoid averaging ups tream and bridge sections 
together, the Manning equation is applied directly to the 
bridge section to calculate the friction slope. This leads 
to a reasonably increased transport capacity in s pite of the 
modifying effect of increased hydraulic radius (8) . 
A s econd problem develops when the model attempts to apply 
sediment transport equations derived for open channel flow conditions to 
the pressure flow under the bridge. Prasuhn handles this problem by 
using "a reduced dis charge for the sediment transport calculations under 
the bridge, based on the actual average velocity, the average clear 
opening width, and the hydraulic radius as the depth." (8). This is 
acceptable due to the fact that many transport calculations as sume the 
actual cross -s ection can be replaced by an equivalent rectangular 
channel with width and depth equal respectively to the width and 
hydraulic radius of the actual cros s -section (12). The decrease in the 
hydraulic radius due to the bridge deck will decrease the depth of flow 
in the equivalent rectangular channel while allowing the average 
velocity and average clear opening width to repres ent their actual 
values . The result is a discharge reduced by an amount to compensate 
for the shear s tress which is acting on the bridge deck and not 
contributing to the sediment transpor�. 
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One purpose of the experimental verification presented in this 
paper is to test this theory. 
To test the theory and assumptions incorporated into the bridge 
backwater routine, Prasuhn compared results from a no-scour condition of 
HEC-6 with HEC- 2 (5 ), a program widely used to calculate water surface 
profiles in fixed-bed channels. Prasuhn found, "The new HEC-6 bridge 
routine was able to duplicate the HEC-2 profiles up through extreme 
backwater conditions." (8) . 
The theory behind the formation of an armor layer is very 
complex and involves many reasoning processes; however, a general idea 
of the thought process behind it will be presented here. The only 
literature cited here will be the model's documentation manual (10) 
unless otherwise stated. 
The minimum water depth required for a particular grain size to 
remain immobile on the surface of a movable bed is defined as the 
equilibrium depth. This depth is calculated by combining Manning's, 
Str ickier' s, and Einstein' s equations. In the Manning equation, the 
hydraulic radius is replaced by the depth and in Einstein's equation f 
is equated to 3 0  (representing the condition of no transport). The 
specific gravity is assumed to be 2. 65 . These two values are default 
values in the model; however, chosen values. can be used if des ired. 
Solving for the discharge per unit width yields: 
(2) 
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Where D is the equilibrium depth and d is the grain size to remain 
immobile at depth D. Equation (2 ) is useful if only one grain size is 
present in the bed; however, most often this is not the case. Where the 
bed material is a mixture of grain sizes, the depth required to 
accumulate a sufficient amount of immobile material on the surface of 
the bed is calculated by using: 
D 
se 
= 2/3 SAE·d 
PC 
(3 ) 
in combination with equation (2). D is the depth of bed material 
se 
which must be removed to scour to equilibrium, SAE is the ratio of 
surface area of potential scour to the total surface area, and PC is the 
percent of bed material coarser than size d. The relationship between d 
and PC is approximated by a series of straight lines forming the 
gradation curve for the material in the bed. Applying equation (2) to 
the break points, i. e. the ends of each straight line segment, of the 
gradation curve will yield two equilbrium depths. The first depth, Dleq 
representing the larger grain size at one end of the line segment and 
the second depth, D2 eq representing the smaller grain size at the other 
end of the line segment. Starting with the line segment at the 1 00 
percent finer end of the gradation curve, D2eq is compared with the 
actual depth of flow, D
AL' 
If the actual depth of flow is greater than 
D2 eq' then the next line segment is. 
tried equating D2 eq for the previous 
line segment to Dleq of the new line segment, and calculating a new D2 eq 
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for the new line segment. This continues down the gradation curve until 
the actual depth of flow is less than the D2 eg for the line segment in 
question. When this occurs, D2 eq is the largest grain size which will 
be transported at PAL. Therefore, everything coarser than D2 eq will 
contribute to the armor layer . D - can now be found and the equi lbr ium 
se 
depth for a mixture of grain sizes can be calculated by one of the 
following equations: 
or 
D = Dl . + D eq' eq se 
(4 )  
(5 ) 
Equation (4) is used if DAL' the actual depth of flow, is between Dleq 
and D2 eq· Equation (S) is used if DAL is less than Dleq· 
The active and inactive zones in the bed are now defined . The 
active zone is the region between the bed surface and equilibrium depth. 
The inactive zone is the region between the equilibrium depth and the 
model bottom. Only material within the active zone can be scoured away 
and when this material is gone, the bed is completely armored for those 
hydraulic conditions. Since the armoring is done in iterations, SAE 
must be calculated to reflect the rate of armoring. SAE is defined as 
follows: 
SAE = VOLA 
VOLse 
(6) 
1 0  
Where VOLa is the volume o f  material remaining in the active zone, and 
VOLse is the total volume of material in the active zone. 
The hydraulic conditions in a movable bed situation are 
changing at all times; therefore, the stability of the armor layer is 
constantly in question. The stability of the model' s armor layer is 
based on a normal probability distribution function. According to 
Gessler (7), the stability of sediment particles on the surface of the 
bed is a probability relationship . The ratio of the critical to actual 
tractive force is the independent variable in the function. The 
equations used in the model for the two tractive forces are: 




Equation (7) represents the critical tractive force after Meyer-Peter 
and Mueller (12). Equation (8) represents the actual tractive force. 
D
EF 
is the effective depth, dm is the median grain diameter of the grain 
size classification being tested, S is the energy line slope, � is the 
unit weight of water, rs is the unit weight of sediment particles, and 
0. 047 is the Y-intercept obtained from empirical data. As the actual 
tractive force increases, the independent variable of the probability 
distribution will yield a lower probability of the grains remaining 
immobile. This relationship is used to calculate a bed stability 
coefficient given as (1 2): 
NGS 
t PROB PROB PI . dm . 
BSF = i=l 
1 1. 
NGS 
t PROB PI . dm . 
i=l 
1 .  1 
1 1  
(9 ) 
Where BSF is the bed stability factor (coefficient), PROB is the 
probability the grains will stay, Pii is the fraction of the bed 
composed of the ith grain size classification, dm is the median grain 
diameter for the ith grain size classification being tested, i is the 
summation counter by grain size classification, and NGS is the number of 
grain sizes present. Following a recommendation by Gessler, when BSF is 
greater than or equal to 0. 65 , the armor layer in the model begins to 
break up. The amount of armor layer destroyed is calculated by the 
linear relationship: 
SAEn = 1 . 0 - BSF (1.0 - SAEo) 
0.65 (1 0) 
Where SAE is the amount of armor layer destroyed and n and o represent 
the new and old values of SAE. 
The transport capacity to satisfy the continuity of material, 
i.e. the Exner equation, will be affected by the amount of the surface 
not covered with an armor layer; therefore, the model recalculates the 
fractions of each size being transported as the material is being 
exchanged with the bed. This is done in a specified number of 
iterations and within each iteration, the surface area exposed for scour 
is calculated by: 
1 2  
FSAE = CSAE + (1 .0 - CSAE) SAE
BSAE 
(1 1 )  
Where CSAE is th
.
e fraction of transport capacity just sufficient to pass 
the inflowing sediment discharge with no deposition, and BSAE is 0 .  5 
unless the input data specifies otherwise. 
The armoring calculations are performed for each range of grain 
sizes, for each discharge event, and for each iteration within each 
discharge event. From this it can be seen that the use of a computer 
model is necessary to simulate this complex and iterative phenomena. 
Chapter 3 
METHODS AND MATERIALS 
The Mathmatical Model 
The model is a one-dimensional steady flow model with no 
provision for simulating the development of meanders. Density currents 
and secondary currents are not accounted for. Water discharge 
hydrographs are approximated by a sequence of steady flow discharges 
each of which occurs for a fraction of/or a number of days. Water 
surface profiles are calculated by the standard step method starting at 
the downstream section with a given water surface elevation and working 
upstream. The inflowing sediment load and related water discharges are 
required data. The sediment outflow for one section is the inflow 
sediment for the following section. The composition of bed material at 
each section is required as a percentage for each of several specified 
grain sizes. The bed used in the laboratory was of a constant gradation 
throughout the length of the flume. 
The cross-sectional geometry of the bed is also required for 
each section. The initial bed in the flume was six inches deep and 
leveled to a constant elevation, with the exception of Trial 5 (see 
Appendix A). This elevation was arbitrarily chosen to be 20 0 .0 0  feet. 
The Manning n values, the temperature of the water, and the 
downstream water surface elevation is required by the model. The 
Manning n values were calculated using the Strickler equation given as: 
SOUTH DAKOTA S 
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Where ds is the grain size in feet with 5 0  percent finer. The 
temperature of the water was recorded at the beginning of each trial and 
was assumed to be a constant throughout the duration of the trial. To 
record the downstream water surface elevation in the laboratory, a point 
gauge was placed 3 feet from the downstream end of the flume. The 
elevations were recorded with respect to time whenever they changed more 
than 0.01 of a foot . 
EQUIPMENT 
The equipment used to perform the verification experiment is 
located in the Agriculture Engineering Building on the campus of South 
Dakota State University, Brookings, South Dakota. 
The Flume 
The flume (see Figure 3-1) used for the experiment is 23 and 3/8 inches 
wide and 25 feet long. The sides and bottom of the flume are 
constructed of 1/2-inch plexiglass which are supported at 5 -foot 
intervals with aluminum angles. The entire length of the flume is 
supported by two 8-inch aluminum channels positioned under the flume so 
the moment produced by the weight of the flume acts about the x-axis of 
the cross-section. 
Located at the upstream end of the flume is a large aluminum 
box 26 inches long by 24 and 3/8 inches wide by 34 inches deep. This 
box is the width of the flume and is attached at the upstream end of the 
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Figure 3.1: FLUME 
1 6  
flume so the walls and floor match with no change in elevation. Within 
the box is a series of four grates constructed of 3 /4-inch by 3 /4-inch 
wooden grates. The grates are positioned perpendicular to the length of 
the flume near the downstream end of the box and are aligned so the 
water will form a straight passage through the holes. 
Water enters through the bottom of the aluminum box and passes 
through the grates, i.e. flow straighteners, and enters the main body of 
the flume. Twenty-four inches downstream of the flow straighteners, is 
a sheet of tin formed to the shape of-a quarter cylinder and cut to the 
exact width of the flume. This quarter cylinder is fixed to the floor 
of the flume with the rounded face upstream. The purpose of this device 
was to prevent the movable bed from scouring excessively at the upstream 
end. 
A gate was placed at the downstream end of the flume and a weir 
plate was placed in the bottom section of the gate opening. For the 
first three trials, the weir elevation was set at 200. 00 feet in order 
to hold the six inch bed from washing out of the end of the flume. For 
the subsequent trials the weir elevation was set at 200. 20 feet to 
prevent supercritical flow at higher discharges. This also allowed the 
weir to be a downstream control which worked better than controlling the 
water surface elevation by lowering the gate into the flow. The sole 
purpose of the gate after the t
"
irst three trials was to control the 
conditions within the f�ume during start-up and shut-down procedures. 
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Start-up Procedure 
The main objective of the start-up procedure was to obtain steady flow 
conditions from time zero without moving any material in the bed. The 
procedure required one person at the influent control valve, one at the 
gate and point gauge at the effluent end of the flume, and one at the 
camera and manometer. 
With the influent and effluent gates closed, the pumps were 
started and constant head was obtained in a constant head tank. The 
influent valve was opened a very small amount and not adjusted again 
until the entire bed was saturated. After the bed was saturated, the 
influent valve was opened very slowly . The higher the water surface was 
in the flume, the faster the valve was opened. At the instant the water 
surface reached the expected operating level, the effluent gate was 
opened and the system was at the operating discharge. The person at the 
manometer was informing the person at the influent valve what the 
discharge was at any given time. When the discharge approached the 
operating discharge, the person at the manometer watched for the instant 
the effluent gate was opened. At the instant the gate was opened, the 
first photograph was taken. After the effluent gate was opened, this 
person immediately recorded the point gauge reading with respect to time 
for the water surface elevation. 
Shut-down Procedure 
The main objective of the shut-down procedure was to bring 
everything within the flume to a stan�still without disrupting the final 
bed configuration. The procedure required one person at the influent 
valve and one at the gate on the downstream end of the flume . 
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The person at the influent valve closed the valve slowly. When 
the water surface in the flume began to drop, the person at the gate 
lowered the gate until it just touched the water surface. This may send 
a small wave oscillating within the flume. The smaller the wave, the 
less damage to the final bed configuration. The two people worked 
together, one slowly closing the influent valve, the other slowly 
closing the gate. During this time, both people tried to keep the water 
surface elevation the same as it was during operation. When both valves 
were closed, the flume had a body of stationary water in it which was 
very close to the same water surface elevation as it was prior to 
shut- down. 
Siphons were used to remove the water from the flume to prevent 
disturbance of the final bed. After photographs of the final bed 
profiles were taken, the bed was removed and preparations were made for 
the next trial (see "Removing and Replacing Bed") .  
Sedimentation Traps 
The discharge over the weir plate at the end of the flume 
consisted of water and bed material. The bed material, if allowed to 
enter the pumping system, would cause two problems: First, an 
unmeasured amount of incoming load would be recycled through the system 
which would alter the transport capacity of the incoming water. It 
would be almost impossible to measure this incoming load because it is a 
function of time. Second, excessive abrasion of the material on the 
pumps' moving parts would reduce the pumping capacity and eventually 
permanently damage the pumps. Because of these two reasons, large 
1 9  
sediment boxes were constructed to trap the material which had been 
transported out of the flume . The discharge from the boxes was returned 
to a sump by means of an existing floor drain . 
The sediment boxes were constructed of three- quarter inch 
exterior plywood and sealed with linseed oil . In the direction of flow, 
the boxes were 18 feet long, 3 feet wide and 4 feet deep with a series 
of five weirs alternating in height. The boxes were blocked up from the 
bottom to produce a horizontal slope. A siphon was installed between 
each set of weirs to remove the water ·from the boxes at the end of each 
trial. The siphons were run into small buckets and the siphoned water 
was allowed to flow over the rim of the buckets to prevent any material 
from being siphoned into the drains. After the boxes were siphoned dry, 
the material in the bottom was removed with a shovel. 
These boxes retained so much water that they had to be filled 
with water from a tap before beginning a new trial. If not, the water 
surface elevation in the sump would get so low that the pumps would 
begin to suck air causing the head in the constant head tank to 
fluctuate (see "The Delivery System"). 
To prevent excessive turbulance in the first compartment of the 
the sediment boxes a tin spillway was constructed to let the water and 
material flowing over the control weir at the end of the flume "glide" 
into the first sediment trap. 
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The Delivery System 
The water for the delivery system is clear water and is stored 
in a sump below the floor of the room where the flume is located. The 
sump is 13 feet long, 6 feet w.i,de, and 11 feet deep. Two pumps (located 
at floor level) pump from the sump to a constant head tank located on 
the second floor of the building. The pumps are twenty horsepower, 
two-stage pumps which operate at 1800 rpm. They are manufactured by the 
Western Land Roller Company out of Hastings, Nebraska. With both pumps 
running it is possible to pump 3 cubic feet per second through the 
system. If only 1.5 cfs is required, only one pump is required. 
The constant head tank is the shape of a cylinder, 5 feet in 
diameter and 9 feet, 6-inches high. Centered within this large tank is 
a 14-inch diameter return pipe. 
Water is pumped through two 8 -inch pipes (one from each pump) 
into the bottom of the constant head tank. The piping system feeds out 
of the the tank and into the flume. The piping system consists of 
8-inch PVC pipe with the exception of a 6-inch cast iron elbow located 
upstream of the gate valve and just before the flume influent box (see 
Figure 3 -1). The 6-inch gate valve is also cast iron and was used to 
control the discharge through the flume. 
The discharge was recorded with a calibrated manometer 
connected to an orifice located within a horizontal section of the 
8-inch PVC pipe. The equation of the orifice was found by routing 
water from the constant head tank :through the orifice and into a 
weighing tank. The weight of the water per unit time over a range of 
2 1  
differential head values (read from the manometer) was converted to 
cubic feet per second and plotted on the log-log plot shown in Figure 
3-2. The equation of the line for the orifice is: 
Q = 0. 05 0 �h051 
(1 3) 
Where flh is the differential head through the orfice in inches. The 
differential head was recorded during each trial in the lab and related 
to the discharge by equation (13) given above. 
Bed Material 
The material used for the movable bed was obtained from L . G. 
Everest Inc. located east of Interstate 90 near Brookings, South Dakota. 
Approximately 6 tons of mason sand and 3 tons of pea rock were required 
for the entire experiment. This material was stored indoors in two 
bins. Each bin was 8 feet long, 4 feet wide, 4 feet high and would hold 
about 3 tons of material. 
The mason sand was used in the trials which involved the use of 
the bridge deck. The sand for these trials was used in the original 
gradation in which it was obtained. Random samples of the sand were 
taken from the pile, sieved, and the results were averaged. The 
gradation curve for the sand is plotted in Figure 3 -3 and the percentage 
of each size corresponding to the sizes needed for the model are given 
in Table 3-1. 
The pea rock was used in the trials to test the armoring 
conditions. Random samples of the rock were taken, sieved, and the 
results were averaged. The gradation curve for the pea rock is plotted 
in Figure 3-4 and the percentage of each size corresponding to the sizes 
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TABLE 3 . 1 
SIZE FRACTIONS FOR BED MATERIAL 
T 
Classification I Grain Size I Percentage 
I (mm) I 
..L 
I 100% 100% 3 : 1 2 : 1  
I Sand Pea Mixture* Mixture* 
I Rock 
T + T T 
Very Fine Sand I 0 . 062 - o . 1 2s I 4 . 0  I I 3 . 0 I 2 . 0  
Fine Sand I 0 . 12S - o . 2s o  I 1 1 . 0  I 1 . 0  I 13 . 0  I 9 . 0  
Medium Sand I 0 . 2SO- o . s oo  I 2S . O  I o . s I 1 8 . 0  I 1 6 . 0  
Course Sand I o . s o o - 1 . ooo  I 3 7 . 0  I 1 . S  I 22 . 0  I 22 . 0  
Very Course Sand I 1 . 00 0 - 2.000 1 2 1 . 0  I 9 . S I 1 7 . 0  I 1 9 . 0  
Very Fine Gravel I 2 . 000 - 4 . ooo  I 2 . 0  I 3 0 . S  I 1S . 0 I 1 9 . 0  
Fine Gravel I 4 . 000 - 8 . 000 1 I SS  . 0  I 1 2 . 0  I 1 3 . 0  
Medium Gravel I 8 . 00 0 - 16 . 000 1 - I 2 . 0  I I 
..L ..L ..1. ..1. 
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GRADATION CURVE FOR PEA ROCK 
U.S. Standard Sieve 
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Although s cour occurred in the first trial  o f  t he armoring 
experiment , no armor l ayer was formed on the surface o f  the bed . This 
could be expected becaus e of the a lmost  vert ical l ine in F igure  3-4 . 
For the s econd trial , a 3 to 1 rat io of  mason s and to pea rock 
was mixed and loaded into the f lume . This  mixture was s amp led and 
s ieved . The gradat ion curve is shown in F igure 3-5 and the percentage 
of each s ize  needed for the computer model is given in Tab l e  3- 1 .  The 
final bed surface o f  t his s econd tria l  did have an armor l ayer ; however , 
it was fe lt  that a mixture rat io of  2 to 1 would produce a more 
pronounced armor l ayer . The f inal two trials  of  the armor ing experiment 
us ed a 2 to 1 mixture rat io with s at is faction . This mixture was also 
s ampl ed and s ieved and the gradat ion curve is s hown in F igure 3- 6 .  The 
























GRADATION CURVE FOR 3:1 RATIO 
OF SAND TO PEA ROCK 
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The mixtures o f  mason sand and pea rock were mixed in a 
portable concrete mixer for three minutes . It was found t hat the two 
components would mix uni formly i f  a sma l l  amount of  water was added to 
each batch in the mixer . 
Removing and Replacing the Bed 
At the end o f  each trial , the material in the f inal bed was 
hydraulicly sorted . To reduce the number of  parameters in the 
experiment , i . e . bed gradat ion , the final bed was removed from the f lume 
and rep laced with new material . 
With the except ion of areas with depos it ion , it was found that 
only the top few inches o f  the final bed needed to be removed . When the 
surface of the bed was comp let e ly removed , new material was haul ed in 
and leveled in the f lume . Leve l ing the material was much eas ier i f  the 
bed was very wet (not supers aturated , but not j ust damp ) . This worked 
we l l  for three reasons : ( 1 )  I f  the bed was leve led dry , it tended to 
sett le when it was l ater wetted . (2) I f  the bed was j ust  damp , it 
tended to leve l with voids on the surface . ( 3) I f  the bed was too wet , 
i . e .  standing water , the material would s egregate , especial ly in the 
mixtures of mason s and and pea rock . Thes e are only guide l ines and 
practice might he lp to improve the procedure . 
The bed was l eve led with a board cut to the exact width of  the 
f lume and supported by adj ustab le struts and a cros s-member which s l id 
along the top of  the f lume . Final bed adj us tments were made by 
trowe ling the bed surface with sma l l  sticks . It is very important that 
the bed be leve l becaus e the f lowing water wi l l  definit ly " feel" the 
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changes in the bed e l evation and adj ust either the water  surface or the 
bed its e l f . 
Co l lect ion and Reduct ion o f  Data  
The experimenta l  bed  profi les in  the f lume were photographed 
with a 35 mm camera mounted on a tripod . Kodachrome 64 , KR-135 s lide 
f i lm was used and s everal f lood l amps were p laced above and below the 
f lume to i l luminate the region being photographed and to reduce shadows . 
A quartz c lock with a s econd hand and a digita l  clock were p laced on a 
table  j ust  be low the base of  the f lume (within the region to be 
photographed)  to correlate  the photographs with respect to the e l aps ed 
t ime . A vert ical grid with one -tenth foot interval s  was p l aced on the 
plexiglass wal ls of the f lume with one - eighth inch b l ack pin stripe . 
Every fifth stripe was red to des ignate the one -ha l f  foot mark . The 
horizonta l  control was obtained by placing a tape measure ( in feet and 
tenths of  feet ) along the length of the f lume . The reference point 
(zero) was chosen to be the weir at the downstream end of the f lume . 
The stat ions ( in feet ) increas ed in the upstream direct ion . The tape 
was placed so  it too cou ld be photographed by the camera . 
In  the bridge deck port ion o f  the experiment , the deck was 
centered on stat ion 13 . 5 0 .  Photographs were taken o f  the region from 
station 10.0 0 to 15 .00 throughout the duration o f  each t rial . At the 
end of each trial , photographs o f  the other five foot regions were 
taken . In the armor in port ion of the experiment , photographs were 
taken with a wide angle  lens of the region from stat ion 15 . 00 to 23 .9 0 .  
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Care had to be taken to  pos ition the camera so that the center 
of the photograph was at the same e levation as the original bed . This 
would reduce the distortion in the photograph which makes the reduct ion 
of data much eas ier . The reduced data (at chosen t ime periods ) is  shown 
in Appendix B .  Reduct ion of  the data from the s l ides was accomp l ished 
by pos it ioning a leve l s l ide proj ector perpendicular to a cha lk board . 
With the use of  a te les copic lens in the proj ector , a reduced scale 
(2"= . 30 ') of  the bed and water sur face profile was traced on graph 
paper . From the graph paper , the appropriate values were read off  and 
scaled back to the original s ize . In some cas es , i . e . the water 
surface , a correct ion factor had to be app l ied to compens ate for the 
distortion in the photograph . 
The Bridge Deck 
S ince the computer mode l assumes a bridge deck with a 
· horizontal  low chord , it was felt adequate to us e a bridge deck with a 
flat bottom . The deck was cons tructed of  three-quarter inch p lywood and 
sealed with l ins eed o i l . The deck was one foot long ( in the direct ion 
of the f low) , the width o f  the f lume (with seals  on the s ides ) ,  and two 
feet tal l  (the condition of water f lowing over the top of the deck was 
not des ired) . The ups tream edge of the deck was rounded to a 
one-quarter inch radius . The deck had adj ustable brackets on its s ides 
that clamped to the top o f  the f lume . The brackets al lowed the deck to 
be pos it ioned to the des ired e l evat ion . 
Chapt er 4 
RESULTS AND DI SCUSSION 
The results  and dis cus s ion within this chapter  wi l l  be 
pres ented in three sect ions . They are : ( 1 ) Scour at the br idge deck , 
( 2 )  Water surface profi les , and ( 3 )  Armoring of  the bed . Experimental  
and model results wil l  be  compared and discus s ed within each of  the 
fo l lowing sect ions . 
Scour at the Bridge Deck 
Trial s  5 t hrough 8 are pres ented here . The condit ions for the 
other five trials  and the reasons for not pres enting them here are given 
in Appendix A .  Tabl e 4 - 1  i s  to be us ed as a re ference for the 
conditions under which Trials  5 through 8 were conducted . 
TABLE 4 . 1 




! D ischarge ! Bridge Deck I 






I 1 .  20 - 1 .  6o 2oo . 4o 1 
I 1 .  22  2oo . 30  I 
I 1 .  20 2oo . 20 1 
I 1 . 20 2oo . 4o 1 
I I 
L-----------�----------�------------ J 
Before the experimenta l  and mode l ' s  results can be ana lyzed , a 
transport function must be chosen to best s imul ate the transport 
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condit ions during the laboratory experiment . Toffaleti ' s ,  
Schokl its ch ' s ,  and DuBoys ' transport funct ions were cons idered . Each 
funct ion was us ed in Trials  5 through 8 and the results at the br idge 
s ection are pres ented in Figures 4-1 through 4-4 . The f igures are 
p res ented in the order of a lowering of the bridge deck , but should not 
be ana lyzed with respect to each other without real izing each trial  has 
different hydraul ic condit ions . It also should be noted that the 
hydraul ic conditions after the init ial time period may be different for 
each transport funct ion . For these reasons , care should be taken when 
choos ing the transport funct ion . 
The Schok l itsch equat ion is ruled out immediate ly . It  is  based 
on a crit ical dis charge and recommended for use  only as a bed load 
equat ion ( 12 ) . The results for this equation show that there is no 
addit ional s cour after a very quick adj ustment to  the initial 
condit ions . For this app l icat ion , this behavior is not realistic to the 
degree shown here . Trial 5 appears to be an except ion near the 60 
minute t ime period ; however , at this po int the dis charge was increas ed 
and the results only reinforce the fact previous ly stated . 
The two remaining equat ions both have been veri fied with 
experimenta l  and actual data us ing sands in the f ine to medium ranges 
( 12 ) . Bas ed on t he gradat ions given in Table 3-1 ,  this would suggest a 
good app l icat ion for each . Toffalet i ' s  equat ion is a total  load 
equat ion based on a concentrat ion curve s imi lar to the Rous e 
Concentrat ion Curve ( 12 )  and the bed load is found as a funct ion of  the 
suspended load . The equat ion has a very good reputat ion when us ed with 
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sand beds . DuBoys ' equat ion is a bed load equat ion bas ed on the shear 
stress on the bed ( 12 ) . The resu lts show that the DuBoys equat ion 
behaves s imilar to t he Schokl itsch equat ion with respect to the rate o f  
scour . For thes e reasons , the Toffaleti  equat ion was chos en to b e  us ed 
in the mode l to calcu l ate s cour under the bridge deck . 
A graph o f  s cour at the bridge section versus t ime for the 
experimental and mode l results is shown in Figure 4-5 .  As the bridge is 
lowered c loser to the bed , the scour under the br idge increas es in both 
the model and the experiment for the four trials . This could be 
expected becaus e the ve locity under the br idge increases  as the opening 
under the · bridge decreases . The mode l and the experiment both show a 
rapid s cour rate in the ear ly stages of  the trials  and a lower scour 
rate as t ime progres s es . This also  can be exp lained by the re l at ionship 
between ve locity and the opening under the bridge . The dis crepancy 
between the mode l and the exper iment occurs when the mos t  important 
parameter is cons idered ; the magnitude of scour . As the bridge deck 
elevat ion is lowered , the magnitude of s cour increa� es much faster in 
the experiment than in the mode l .  In the most  extreme cas e ,  i . e .  Trial 
. 7 ,  the exper imenta l  results  deviate from the mode l by the largest 
amount . As  the deck e levat ion is rais ed , the results corre late  better . 
It is fe lt that the deviat ions can be attributed to a condit ion which 
occurred in the f lume and would not occur in the actual app l icat ion . 
The upstream face o f  the bridge deck was a vert ical wal l  with the lower 
edge rounded to a one -quarter inch radius . In much the s ame cas e as 
when spur dikes are not ins tal l ed near an abutment of a bridge , a 
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velocity component in the vert ical direct ion acts perpendicular to the 
direct ion of f low .  As the bridge deck e levation is lowered c loser to 
the bed of the f lume , this vert ical ve locity component is introduced to 
the surface of the bed and creates additional scour . For this reason , 
the experimenta l  results o f  Trials  6 and 7 do not accurately repres ent 
the actual scouring e f fects when the water surface impinges on a bridge 
deck . The results o f  Tr ials  5 and 8 would suggest the mode l to be a 
cons ervat ive , i . e .  more s cour , est imate of actua l condit ions . 
�ater Surface Profi les 
The water surface profi les in the model are very uni form 
becaus e they are calculated by the standard step method . This was not 
the case  for the exper imenta l  data . Downs tream o f  the br idge deck a 
series of sma l l  waves occurred making it difficult to determine the best 
repres entat ion of  the water surface in this area . Also , the water 
surface is a funct ion of  t he bed elevat ion which is not the s ame in the 
experiment and the mode l after t ime has elapsed . For each tria l , the 
experimental water surface was compared with the mode l in the ear ly t ime 
periods unt i l  the bed e l evat ions differed s ignificant ly . Trial  5 was 
the most us eful  becaus e t he bed e l evat ions did not change very much in 
the experiment or the mode l for approximat ly 60  minutes . In most 
comparisons , the model wat er surface profiles were within 0 . 02 of a foot 
of the exper imenta l  data and were always within 0 .  05 of a foot ( s ee 
Appendix B and C ) . This would suggest  the po int gauge was read proper ly 
and the Manning n values were correct ly chosen . This also veri f ies the 
head loss calculat ion through the bridge . The exper imenta l  head ' loss 
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through the bridge was analyzed under the same condit ions the water 
surface profi les  were ana lyzed . The experimenta l  values mat ched the 
mode l ' s  calculat ions within 0 . 02 of a foot for the ent ire range of head 
losses tested ( s ee Appendix B and C ) . The head los s through the bridge 
is init ial ly quite l arge but as the s cour ho le  deve lops it approaches a 
negligib le amount . I t  can be seen from equat ion ( 1 ) that the mode l 
behaves the s ame way . An increase in Z wi l l  caus e a decrease in head 
loss through the br idge ; therefore , this port ion of  the mode l is working 
very wel l .  
Armoring of the Bed 
Trials  A through D are pres ented here . Tab le 4 - 2  is us ed as a 
reference of  condit ions under which each trial  was conducted . The data 
presented here are the e levat ions of  the lowest point in the s cour ho le  
at the specified t ime . The lowest po int was a lways between sect ion 
20 . 00 and 23 . 9 0  which wi l l  be referred to hereaft er as the f irst  bay of  
the f lume .  
TABLE 4 . 2  
Characterist ics of Trials A -D 
l 
I Trial I Dis charge I Bed I 
I I ( cfs ) ! Compos it ion* I 
� 
A 1 . 7  I 100% Grave l I 
B 1 . 14 I 3 : 1 Mixture I 
c 1 . 1 2 I 2 : 1 Mixture I 
D 1 . 22 I . 2 : 1 Mixture I 
I I 
J 
*Mixtures expres sed as a rat io of  sand to pea rock . 
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Once again , before the exper imenta l  results can b e  compared to 
the model , a transport equat ion must be chosen for the mode l . The s ame 
three equat ions are cons idered as with the bridge deck rout ine . The 
results from each equat ion are presented for each trial  in F igures 4 - 6  
through 4 -9 . The s ame type o f  s and that was us ed in the br idge deck 
rout ine was us ed in Trials  B ,  C ,  and D with different mixtures of pea 
rock (see Tab l e  4 - 2 ) ; therefore , To ffa l et i ' s  equation is favored for t he 
reasons previous ly stated . However , one cannot stop there ; the behavior 
of the mixture must be cons idered . I t  must be remembered , the 
Schokl itsch and DuBoys equat ions are bed load equat ions and Tof falet i ' s  
equat ion is a tot a l  load equat ion . With the mixture of fine s ands 
through fine grave ls , one could expect the transport to cons ist  of bed 
load and suspended load in which To ffalet i ' s equat ion would be the 
better estimate . I t  appears the mode l has armored al l of the tria ls 
with the except ion of  Toffa l et i ' s  in Trial  B .  This cou ld be expected o f  
Trial B s ince it has the l argest percentage of fines in its bed . The 
only parameter left to examine is the rate o f  scour . C lear water was 
introduced into the upstream end of the f lume . A very fast scour rat e  
was ant icipated a t  l east unt i l  part ial  armoring could occur . For the 
initial t ime periods , Toffalet i '  s equat ion once again shows a higher 
scour rat� than the other two funct ions . For the above reasons , the 
Toffalet i equat ion was chos en to be us ed in the model to es t imate the 
scour condit ions in the first bay of the f lume . 
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Us ing Tof falet i ' s  t ransport funct ion , the results obtained from 
the model are compared with the experimental  results and pres ented in 
Figure 4 - 10 . The results  presented repres ent the deepest s cour point in 
the first bay of the f lume with respect to the time e l apsed . The 
experimental  resu lts s eem to behave proper ly with respect to each tria l . 
The bed with the most f ines , i . e .  Trial B ,  scoured more than Trial  C 
which was at a lmos t  the s ame dis charge but had les s fines . Tr ial  D was 
at a higher dis charge so one would expect more scour than the trials  at 
the lower discharges . Trial  A was 100  percent grave l and is repres ented 
experimenta l ly by a s ingle  point at the end of the trial  for reasons 
stated in Appendix A .  This tria l  scoured the least . The mode l results  
also seem to behave proper ly with respect to each trial  for  the  same 
reasons stated above for the experimental data . A prob lem occurs when 
the mode l results are compared with the experimenta l  results  for each 
trial . Cons istent ly , the mode l armored the bed much sooner than was 
experienced in the experiment . The exper imental  data shows a faster 
scour rate throughout the trial and the mode l seems to cons ider the bed 
to have a larger number o f  l arge part ic les accumulated on the surface o f  
the bed .  This can be s een b y  request ing a high leve l print -out from the 
model .  The print -out out shows the calcu lated transport capacit ies to 
be suppress ed by the armor ing calculations .  It only a l lows a port ion of  
the bed to be  avai l ab l e  to s at i s fy the transport capacity resul t ing in 
less change in the bed e levat ion . A high leve l pr int -out of  the results  
generates a l arge amount o f  data so only ·a few cross  sect ions of  the 
results represent ing this restrict ion of transport are pres ented in 
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Appendix C .  Based on  thes e obs ervat ions , it  i s  fe lt that the mode l is  
in error with respect to  the armoring calculations . The obs erved beds 
in the experiment (with the except ion of Trial A)  def inite ly had an 
accumulat ion of the l arger part ic les on the surface of the bed proving 
that an armoring process  was occurring ( s ee Figure 4-1 1 , 4- 12  and 4- 1 3 ) . 
It can be seen from the l as t  t ime periods o f  the experimenta l  data that 
the beds s t i l l  may not have been comp l ete ly armored . This wou ld suggest 
the proces s in the experiment was behaving proper ly and the t heoret ical 
calculations o f  the armor ing process are not represent ing the phenomena 
correct ly . 
F IGURE 4-11 
INI T IAL BED BEFORE ARMORING 
TRIAL C AND D 
FIGURE 4-1 2  
FINAL BED AFTER ARMORING 
TRIAL C 
FIGURE 4-13 
FINAL BED AFTER ARMORING 
TRIAL D 
3 9 . 1  
Chapter 5 
CONCLUS IONS AND RECOMMENDATIONS 
The Bridge Deck Rout ine 
The bridge deck experiment encount ered some prob lems which 
occurred due to the s cale  o f  the laboratory equipment us ed . A vert ical 
ve locity component para l l e l  to the upstream face of the br idge deck was 
directed toward the surface of the streambed resu lting in addit ional 
scour under the bridge deck . In  an actual app licat ion of the prob lem ,  
the bridge deck wou ld be a great er distance from the streambed al lowing 
time and space for the hor izonta l  f low to overcome the vertical ve locity 
c0mponent . This is proven by the fact that the experimenta l  results 
matched the mode l results very we l l  for the trials  in which the bridge 
deck was the greatest dist ance from the streambed and as the deck was 
lowered c loser to the bed , the resu lts deviated by an increas ing amount . 
Based on the exce l l ent corre lat ion between the experimenta l  tria l s  and 
the mode l results for the case when the bridge deck was the greatest 
distance from the s treambed , it is fe lt that the bridge deck rout ine in 
the HEC -6  mode l  produces good results with respect to the s cour under 
the bridge deck as we l l  as exce l lent s imulat ion of the headlos s through 
the structure . 
It  is recommended that no changes be made to the mode l with 
respect to the bridge deck rout ine ; however ,  more experimental  
verification throughout a larger range of  · discharges and bridge deck 
elevations is recommended to reinforce the above conc lus ions . The 
- l.&.() -
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fo l lowing recommendat ions are made to as s is t  the individual ( s ) who may 
perform the addit ional exper imenta l  ver i ficat ion : 
1 .  A l arger f lume and water supp ly be us ed so  that the bridge deck 
can remain at least 0 . 40 of  a foot above the surface o f  the bed 
with an init ial  ve loc ity under the bridge deck o f  at least 1 .5 
ft/ s ec . 
2 .  I f  a larger f lume is not available , the upstream face o f  the 
bridge deck could be rounded with a 6 - inch or larger radius . 
This  wou ld he lp to gradual ly change the direct ion o f  the 
vert ical ve locity component before it reaches the bottom of the 
bridge deck . 
3 .  Do sufficient p l anning so that the trial  mode l runs can be 
executed immediately fo l lowing each experimenta l  trial . This  
would expos e any prob lems which may be occurring in the 
laboratory that could be corrected before proceeding with the 
experiment . 
The Arrnoring Rout ine 
The mode l armored the bed much sooner than was obs erved in the 
laboratory . It is felt that no s ignificant error was introduced in the 
experimenta l  trials ; therefore , the error is attributed to the 
calculat ion of the armor l ayer within the mode l . Several t ransport 
equat ions were tested for each trial  to s ee if the error in calculat ing 
the armor layer was a funct ion of the transport equat ion chos en . It  was 
found that the rate , at which the bed armored was a funct ion of the 
transport equation ; however ,  the results for any of the three transport 
equat ions sti l l  armored much sooner than the experiment . 
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I t  is recommended that the experimental  results  for the 
armoring trials (pres ented in Appendix B )  be used as a bas is  for 
comparis ion with the model and that the theory behind calcu l at ing t he 
armor layer in the mode l be  modif ied . It is fe lt that there is a 
incons istency in the mode l with respect to de fining the po int at which 
sediment mot ion begins . The mode l calculates an equi l ibrium dept h ,  i . e . 
the depth required for a part icu lar grain s ize to remain immob i le on the 
surface of  a movab le bed , by combining the Manning , Strickler , and 
Einstein equat ions . This combinat ion of  equat ions is us ed to f ind the 
grain s ize on the gradat ion curve for which every s ize larger than this 
size would be immob i l e . A l l of  thes e s izes are cons idered to contr ibut e 
to the armor l ayer and are rest ricted from being transported . Later in 
the mode l ,  the transport capacity is calculated according to the 
specified transport equat ion . This transport equat ion has a defined 
point of zero movement for each grain s ize which may not coincide with 
Einstein ' s  point of  zero movement previous ly calculated in t he armoring 
calculations . To be cons istant in the mode l ,  it is recommended that the 
equi l ibrium depth be calculated as a funct ion of  the specified transport 
equation . Therefore , s izes cons idered to be contribut ing to the armor 
layer wil l not s how up in the transport capac it ies and the only factor 
restricting the capacit ies from being transported wi l l  be the surface 
area exposed ( s ee Chapter 2 ) . 
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Appendix A 
SUMMARY OF EACH EXPERIMENTAL TRIAL 
Thirteen experimenta l  trials  were conducted in the labor atory . 
Trial s  1 through 3 were conducted as p i lot trials to determine the range 
of a l lowable  operating discharges , start -up and shut -down procedures , 
and to famil iarize the operators with the equipment . Trials  4 through 9 
invo lved the use o f  the bridge deck and Trials  A through D were 
conducted with respect to armoring of  the bed . 
The fo l lowing is a presentat ion of the informat ion for each 
trial necess ary to create a data s et for the mode l . Other comments that 
were made at the t ime of  each trial and reasons for not inc luding some 
of the trials in Chapter 4 of this paper are also given . The s l ide 
photographs taken during each trial are available  from the C ivil 
Engineering Department , South Dakota State Univers ity , B rookings , South 
Dakota . 
Some traits common to a l l trials are : ( 1 )  The point gauge was 
pos it ioned at s ect ion 3 . 00 .  ( 2 )  The s lope of the f lume and the init ial 
bed were horizontal  (with the except ion of  Trial  5 ) . (3 ) When the 
first picture is referred to , it is the first picture with water in the 
flume . {4 )  When a change in discharge occurs within a trial , the t ime 
of the change is s ignaled by the addition of a f i lm box in the picture 
next to the clocks . The box was placed on the table  for the first 




Trial 1 ran for approximate ly 35 minutes . Ten minutes at 0 .  5 
cfs and 25 minut es at 1 .  2 c fs . The first photograph was taken at the 
instant the downst ream gate was opened . A sand bed with the gradat ion 
curve given in Figure 3 - 1 was us ed . The temperature o f  the water  was 
recorded at 8 1 . 5  degrees fahrenheit . The e levat ion of the weir  at the 
end of the f lume was the s ame e levat ion as the original bed , i . e .  
200 . 00 feet . The water surface e l evation was contro l led by lowering the 
gate into the f low . The relat ionship between the water surface 
elevat ion at stat ion 3 . 00 and t ime are given be low in Tab le  A- 1 .  
TABLE A . 1 
Time 
(Min . ) 
0 1  
1 0  




E l evat ion 
200 . 28 
200 . 3 1 
200 . 2 1 
200 . 32 
Trial 1 was not pres ented in Chapter 4 becaus e it did not invo lve the 
bridge deck or armoring of the bed . It could have been a us efu l  t rial  
in the analys is o f  the water surface e l evat ions ; however ,  inexperience 
in contro l l ing the water surface with the .gate lead to uncont ro l lab le 
fluctuat ion of  this parameter . 
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Trial 2 
Trial  2 was run for approximate ly 9 0  minutes at 1 .  2 c fs . A 
sand bed with the gradation curve given in Tab le 3 - 1 was us ed . The 
first photograph was taken at the instant the downstream gate was 
opened . The temperature of the water was 7 7  degrees fahrenheit . The 
e levat ion o f  the downstream weir was 200 . 00 and the water surface 
elevation was not cont ro l led with the gate . The re lat ionship between 
the water surface e levat ion at station 3 . 00 and time is given below in 
Table  A-2 . 
TABLE A . 2  
Time 








E levat ion 
200 . 1 7 
200 . 2 1 
200 . 23 
200 . 24 
200 . 24 
Trial 2 had very uniform s cour and was us ed to eva luate the Manning · n 
values used in the mode l for later tria ls invo lving the bridge deck . 
This trial was not presented in Chapter 4 becaus e it did not invo lve the 
bridge deck or armoring of the bed . 
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Trial 3 
Trial 3 was run for approximately 90  minutes at 1 .  5 6  c fs . A 
sand bed with the gradat ion curve given in Figure 3 - 1  was used . The 
first photograph was taken at the ins tant the downstream gate was 
opened . The temperature of the water was 79 degrees fahrenheit . The 
elevat ion of the downstream weir was 200 . 00 feet and the gate was 
lowered into the f low to control the water surface e levat ion . The 
relat ionship between the water surface elevat ion at stat ion 3 .  00 and 
time is given be low in Tab le  A-3 . 
TABLE A . 3 
Time 
(Min . ) 
9 . 0 
1 1 . 0  
54 . 0  
A-3  
I Water Surface 
I E levat ion 
200 . 5 1 
200 . 54 
200 . 54 
Three dunes formed · during the durat ion o f  this trial . The 
largest dune was approximate ly 0 .  35 of  a foot high and 3 feet long . 
This trial was not presented in Chapter 4 because it did not invo lve the 
bridge deck or the armoring of the bed . 
Trial  4 - -
Trial 4 was run for approximately 94 minutes at 1 .  2 cfs . A 
sand bed with the gradat ion curve given in . Figure 3 - 1  was us ed . The 
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bridge deck was centered at stat ion 13 . 4  at an elevat ion of  200 . 25 feet . 
The first photograph was taken 15  seconds after the downstream gate was 
opened . The temperature of the water was 80 . 0  degrees fahrenheit . The 
elevat ion of  the downstream weir was 200 . 00 and the gate was entered 
into the f low approximate ly 73 minutes after the beginning of the trial . 
The relationship between the water surface elevat ion at stat ion 3 . 00 and 
time is given be low in Tab l e  A-4 . 
TABLE A . 4  
Time 
(Min . ) 
7 . 5  
14 . 5  
3 1 . 5  
54 . 5  
7 3 . 0  
7 8 . 5  
A-4 
I Water Surface 
I E levat ion 
200 . 22 
200 . 20 
200 . 20 
200 . 23 
gate lowered 
into flow 
200 . 52 
A s cour ho le deve loped under the bridge deck almos t  immediately ; 
however , within 10  minutes after the trial began , depos its from a s cour 
ho le which occurred near s ect ion 23 . 2  moved into sect ion 1 3 . 4  f i l l ing 
the original s cour ho le creat ed by the br idge deck . Crit ical depth for 
these hydrau l ic condit ions was calculated to be . 23 of a foot . From the 
point gauge readings it can be seen that supercritical f low occurred at 
station 3 . 00 for a period of t ime . These condit ions cannot be 
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dup l icated by the mode l .  B ecause o f  the previous reas ons , this trial  
was not included in  Chapter 4 .  
Trial  5 --- -
Trial 5 was run for approximately 5 6  minutes at a dis charge o f  
1 . 2  cfs and an additional 4 0  minutes at 1 . 5 1 cfs . A s and bed with the 
gradation curve given in F igure 3 - 1  was used . Trial 5 was unique in 
that the bed pro f i le which had deve loped in the two upstream bays o f  the 
flume from Trial 4 was untouched for Trial  5 .  This was done to 
eliminate depos its at the s ect ion of  the bridge deck . This bed pro f i l e  
was coded into the model and can b e  seen in the f irst time period for 
Trial  5 in Appendix C .  Photographs of  the bed profile  before and after 
the trial were a lso taken . The bridge deck was centered at s tat ion 1 3 . 4  
at an e l evation of  200 . 40 feet . The first photograph was taken at the 
instant the gate was opened . The temperature of  the water was 7 7  
degrees fahrenheit . The e levat ion of  the weir at the downst ream end o f  
the f lume was 200 . 20 feet and the gate was not us ed t o  contro l the water 
surface e l evation . The re l at ionship between the water sur face e levat ion 
at stat ion 3 . 00 and t ime is given below in Tab le A-5 . 
The results o f  this trial  are presented in Chapter 4 and Appendix B .  
Trial  6 was run for approximate ly 46 minutes at a dis charge of  
1 . 22 cfs  and an addit iona l 2 9  minutes at 1 . 60 cfs . A s and bed with the 
gradation curve given in Figure 3 - 1  was us ed . The bridge deck was 
centered at stat ion 1 3 . 5  at an e levat ion ·of 200 . 30 feet . The first 
photograph was taken 15  seconds after the downstream gate was opened . 
TABLE A . S  
Time 
(Min . ) 
02  
1 7  
60  
65  
A - 5 
I · Water Surface 
I E levat ion 
200 . 48 
200 . 48 
200 . 54 
200 . 53 
5 0  
The temperature o f  the water was 7 8 . 8  degrees fahrenheit . The e l evation 
of the weir at the downstream end of the f lume was 200 . 20 feet and the 
gate was not used to contro l the water surface e levat ion . The water  
surface elevat ion at  s tat ion 3 .  00  remained at  200 . 45 feet when the 
discharge was 1 . 22 c fs . When the discharge increas ed , the water surface 
elevat ion increas ed to 200 . 5 0 feet and remained there for the remainder 
of the trial . The results  o f  this trial are pres ented in Chapter 4 and 
Appendix B .  
Trial 7 
Trial 7 was run for approximate ly 20  minutes at a dis charge of  
1 . 2  cfs . A s and bed with  the gradation curve given in F igure  3 - 1  was 
used . The bridge deck was centered at stat ion 13 . 5  at an e l evat ion o f  
200 . 20  feet . The first photograph was taken 15 s econds after  the 
downstream gate was opened . The temperature of the water was 7 7  degrees 
fahrenheit . The e levat ion of the we ir at· the downst ream end of the 
flume was 200 . 20 feet and the gate was not us ed to contro l the water 
5 1  
surface e levat ion . The water surface elevat ion at stat ion 3 .  00  was a 
const ant of  200 . 47 feet throughout the trial . The results of  this trial  
are pres ented in Chapter 4 and Appendix B .  
Trial 8 
Trial 8 was run for approximately 60  minutes at 1 .  2 c fs . A 
sand bed with the gradat ion curve given in Figure 3 - 1  was us ed . The 
br idge deck was centered at stat ion 13 . 5  at an e levat ion o f  200 . 40 feet . 
The first photograph was taken 15 seconds after the downst ream gate was 
opened . The temperature of the water was 78 . 8  degrees fahrenheit . The 
elevat ion of  the weir at the downstream end o f  the f lume was 200 . 20 feet 
and the gate was not us ed to cont rol the water sur face elevat ion . The 
water surface elevat ion at stat ion 3 .  00 was a constant o f  200 . 47 feet 
throughout the trial . The bed pro f i les shown in the photographs do not 
accurately represent the actual bed profi les because non-uniform s cour 
occurred across s ect ion 13 . 5  for this trial . After approximat e ly 5 
minutes had elapsed it was noted that 0 .  05 of a foot more s cour had 
occurred near the center  of the cross s ection than had occurred near the 
glass of the flume . The s ame note was made after 20  minutes had e l apsed 
except a difference of  0 . 10 of  a foot was recorded . After the trial  was 
completed and the flume was drained , the bed profi les in the direct ion 
of flow and across  the cross - section were recorded . This data is 
presented in Appendix B and other results from this trial  are given in 
Chapter 4 .  
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Trial 9 
Trial 9 was run for approximate ly 22 minutes at a discharge o f  
2 . 3  cfs . A s and bed with the gradat ion curve given in Figure 3 - 1  was 
used . The bridge deck was centered at station 13 . 4  at an e l evat ion o f  
200 . 30 feet . The first photograph was taken at the inst ant the 
downstream gate was opened . The temperature of  the water was 82 . 4 
degrees fahrenheit . The e l evat ion of  the weir at the downstream end o f  
the f lume was 200 . 20 feet and the gate was not us ed t o  contro l the water 
surface elevat ion . During the init ial 5 minutes of  the trial , the water 
surface e levat ion at stat ion 3 .  00 was 200 . 24 feet . For the remaining 
time it was a constant at 200 . 26 feet . This trial was run at a higher 
discharge which yields a calculated critical depth of  0 .  35 o f  a foot . 
It can be s een from the water surfacre elevations given above that the 
flow was supercrit ica l . For this reason , Trial 9 is not pres ented in 
Chapter 5 .  
Trial  A 
Trial  A was run for approximately 40 minut es at a discharge of  
1 . 7  cfs . A pea rock bed with the gradat ion curve given in F igure 3 - 1  
was used . The first photograph was taken 10 s econds after  the 
downstream gate was opened . The temperature of  the water was 7 2 . 5  
degrees fahrenheit . The elevat ion of  the weir at the downstream end of  
the f lume was 200 . 00 feet and the gate was not us ed to  contro l the water 
surface elevat ion .  The water surface e levat ion at stat ion 3 .  0 0  was 
200 . 29 feet for the entire trial . 
presented in Chapter 4 and Appendix B .  
The · results of  this trial  are 
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Trial B 
Trial B was run for approximately 60  minutes at a dis charge o f  
of  1 . 14 cfs . A 3 to 1 rat io of  s and t o  pea rock was us ed i n  the bed . 
The gradat ion curve is shown in Figure 3 - 1 . The first picture was taken 
at the ins·tant the downst ream gate was opened . The temperature o f  the 
water was 64 . 4 degrees fahrenheit . The elevat ion of  the weir at the 
downstream end of  the f lume was 200 . 00 feet and the gate was not used to 
contro l the water surface e levat ion . The water surface elevat ion at 
stat ion 3 . 00 was 200 . 2 1 feet for the ent ire trial . The results for this 
trial are presented in Chapter 4 and Appendix B .  
Trial C 
Trial C was run for approximate ly 6 1  minutes at a discharge of  
1 . 12  cfs . A 2 to 1 rat io of  s and to pea rock was used in the bed . The 
gradat ion curve is shown in Figure 3 - 1 .  The f irst picture was taken 10  
seconds after the downstream gate was opened . The temperature of  the 
water was 68 . 9  degrees fahrenheit . The e levat ion of  the weir at the 
downstream end of the f lume was 200 . 00 and the gate was not used to 
control the water surface e l evat ion . The water surface e levat ion at 
stat ion 3 . 00 was 200 . 22 feet for the ent ire trial . The results for this 
trial are presented in Chapter 4 and Appendix B .  � 
� D  
Trial D was run for approximately 58  minutes at a dis charge of  
of 1 . 22 cfs . A 2 to 1 rat io of  s and to pea rock was used in the bed . 
The gradation curve is shown in Figure 3 - 1 . The first picture was taken 
10 seconds after the downstream gate was opened . . The temperature o f  the 
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water was 7 0 . 7  degrees fahrenheit . The elevat ion of the weir  at  the 
downstream end of the f lume was 200 . 00 and the gate was not us ed to 
control the water surface e levat ion . The water surface e l evat ion at 
station 3 . 00 was 200 . 24 feet for the ent ire trial . The results o f  this 
trial are presented in Chapter 4 and Appendix B .  
Appendix B 
Pres ented be low is the experimental  data obt ained in the 
laboratory . The results pres ented in this appendix are for the trials  
pres ented in  Chapter 4 .  The t ime periods , i . e .  runs , correspond to the 
runs pres ented in Appendix C for the same trials . The ent ire s et of  
s l ides containing al l  o f  the data co l lected for a l l  of  the t rials  i s  
available  from the C ivil  Engineering Department , South Dakota State  
Univers ity , Brookings , South Dakota .  
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Trial 0 5  
Start ing Time 4 : 30 : 10  
Run Number 27  
Time 5 : 26 : 18 
Q=l . 2 cfs 
r T T l 
I Stat ion I Bed I Water I 
I I E levation I Surface I 
I I I E levat ion I 
� + + 1 
1 12 .  o I 2oo . oo I 2oo . 49  I 
I 12 . 4  I 2oo . oo I 2oo . 49  I 
1 13 . 4  I 1 9 9 . 9 6 I 2oo . 4o I 
1 14 . 4  1 1 9 9 . 9 8 l 2oo . 48 I 
I 14 . 8 I 2oo . oo I 2oo . 48 I 
I I I I 
L .L .L J 
Run Number 3 1  
Time 5 : 32 : 30 
r T T 1 I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E l evat ion I 
� + + 1 
1 1 1 .  o I 2oo . oo I 2oo . 5 3  I 
1 1 1 . 5  I 2oo . oo I 2oo . 5 3  I 
1 12 .  o I 2oo . o3  I 2oo . 5 3  I 
1 12 . 4  I 2oo . oo I 2oo . 5 3  I 
1 13 . 4  1 1 99 . 94 l 2oo . 4o I 
1 14 . 4  1 1 9 9 . 98 l 2oo . 5 5 I 
1 14 .  8 I 2oo . oo I 2oo . 5 5  I 
I I I I 
L l.. l.. J 
Run Number 29 
Time 5 : 30 : 39 
Q=l . 5 1  cfs 
r T T l 
I Stat ion I �ed I Water I 
I I E levat ion I Surface I 
I I I E levation I 
t + + 1 
I 12 . o I 2oo . oo I 2oo . 5 2  1 
I 12 . 4 I 2oo . oo I 2oo . 5 2  I 
1 1 3 . 4  I 1 99 . 9 6 I 2oo . 4o I 
1 14 . 4  1 199 . 9 8 1 2oo . s3 1 
I 14 . 8 I 2oo . oo I 2oo . 53  I 
I I I I 
L .L l.. J 
Run Number 33 
Time 5 : 36 : 30 
r T T l 
I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
t + + 1 
1 1 1 .  o I 2oo . o4 I 2oo . 5 2  1 
I 1 1  . 5 I 2 o o . o4 I 2 o o . 5 2  1 
I 12 . o I 2oo . o2  I 2oo . 5 5  1 
I 12 . 4  1 1 99 . 99 I 2oo . 5 3  1 
1 1 3 . 4  1 1 9 9 . 93 1 2oo . 4o 1 
I 14 . 4  I 19 9 . 9 8  I 2oo . 55  1 
I 14 . 8 I 2oo . oo I 2oo . 55  I 
I I I I 
L l.. .L J 
5 7  
Trial OS ( cont inued) 
Run Number 36  
Time 5 : 5 1  : 3 0  
r T T 1 I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + 4 
1 1 1 .  o I 2oo . o2  I 2oo . s3  I 
1 1 1 . s 1 2o o . o2 l 2oo . s 3 I 
1 1 2 .  o I 19 9 . 99 I 2oo . s4  I 
I 12 . 4 I 1 9 9 . 9 6  I 2oo . s s  I 
I 13 . 4 I 1 9 9 . 9 o  I 2oo . 4o I 
1 14 . 4  I 1 9 9 . 98 I 2oo . ss  I I 14 . 8 I 2oo . o o  I 2oo . ss  I 
I I I I 
L 1.. 1.. J 
Run Number 00 
Time 4 : 30 : 10 
r T 1 · I Stat ion I Bed I 
I I E l evat ion I 
� + 1 I 2o . 3o 1 199 . 88 
I 2 1 . oo 1 1 99 . 84 
1 2 1 . 50 1 1 99 . 83 
I 22 . oo I 199 . 76 
1 22 . 33 1 1 99 . 7 0 
1 22 . 6 7 1 1 99 . 64 
I 23 . oo I 19 9 . 6s I 23 . 33 1 19 9 . 73 
1 23 . 6 7 1 1 9 9 . 86 
1 23 . 90 1 19 9 . 9 8 
I I 
L 1.. ___ _ 
Run Number 3 9  
Time 6 : 06 : 30 
r T T l I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E lev at ion I 
t- + + 4 
1 1 1 .  o I 2oo . 0 1  I 2oo . ss  I 
I 1 1 . s I 2oo . o2  I 2oo . s s  I 
1 1 2 . 0  1 1 9 9 . 9 9 1 2oo . ss I 
1 1 2 . 4  1 19 9 . 94 1 2oo . s4 1 I 13 . 4  I 199 . 89 I zoo . 4o I 
1 14 . 4  1 19 9 . 9 8 I 2oo . s 6  1 
I 14 . 8 I 2oo . oo I 2oo . s4 1 
I I I I 
L 1.. 1.. J 
Run Number 39  
Time 6 : 06 : 3 0 
r T I I Stat ion I Bed I 
I I E l evat ion I 
t- + 1 
20 . 30 1 1 9 9 . 88 
2 1 . 00 1 1 9 9 . 85 
2 1 . 50 1 1 9 9 . 82 
22 . 00 1 1 9 9 . 7 8 
23 . 33 1 1 9 9 . 7 2 
22 . 6 7 1 1 9 9 . 69 
23 . 00 1 1 9 9 . 7 0 
23 . 33 1 1 9 9 . 7 3 
23 . 6 7 1 1 9 9 . 85 
23 . 9 0 1 1 9 9 . 9 8 
I 
_ __ l_ ___ _ 
5 8  
Tria l 0 6  
Start ing Time 5 : 22 : 00 
Run Number 08  
Time 5 : 23 : 5 2 
r T T 1 I Stat ion I Bed I Water I 
I I E levat ion I Surface I I I I E levat ion I 
r + + 1 
1 1 1 .  o I 2oo . oo I 2oo . 47  I 
1 12 .  o I 2oo . o4 I 2oo . 46 I 
I 12 . 5 I 2oo . os I 2oo . 48 I 
l 13 . o  1 19 9 . 95 1 2oo . 41 I 
1 13 . 5  I 199 . 89  I 2oo . 3o  I 
l 14 o o  l 19 9 o 9 3 l 2oo . 5 6 I 
l 14 o 5  1 2oo . oo l 2oo . 5 3 I 
1 14 . 8  1 2oo o oo l 2oo . 5 3 I 
I I I I 
L ..L ..L J 
Run Number 1 9  
Time 6 : 05 : 46 
r T T 1 I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
r + + -t 
1 1 1 .  o I 2oo 0 02 I 2oo 0 49 I 
1 1 2 .  o I 199 . 94 I 2oo . 49 I 
1 12 . 5  l 19 9 o 84 l 2oo . 5 o I 
1 13 .  o 1 1 9 9  0 1 1  I 2oo . 48 I 
1 13 . 5  l l9 9 o 74 l 2oo . 3o I 
1 14 .  o I 199 . 83 I 2oo . 46 I 
1 14 . 5  I 2oo . oo I 2oo . 49 I 
1 14 .  a I 2oo . oo  I 2oo . 49  I 
I I I I 
L ..L ..L J 
Run Number 13  
Time 5 : 33 : 15 
r T T 1 I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
r + + -t 
I 1 1 . o I 2oo . 1o I 2oo . 4 7  I I 12 . o I 2oo . o3  I 2oo . 49  I 
1 12 . 5  1 1 9 9 . 9 3 l 2oo . 49 I 
l l 3 . o  1 1 9 9 . 8 1 l 2oo . 4s I 
1 1 3 . 5  1 1 9 9 . 1 s  1 2oo o 3o I 
I 14 . o I 19  9 . a a I 2 o o . 44 I I 14 . 5 I 2oo . oo I 2oo . 49 I I 14 0 a I 2oo 0 oo I 2oo  0 49  I I I I I 
L ..L ..L J 
Run Number 25 
Time 6 : 35 : 2 1 
r T 1 I Stat ion I Bed I 
I I E levat ion I 
I I I 
t + i 
1 2 1 0 0  1 1 9 9 . 9 9 I 
1 22 . 0  1 19 9 . 95 I 
1 22 0 5  1 19 9 . 9 2 I 
l 2 3 o o  1 19 9 . 84 I 
l 2 3 o 5  1 19 9 . 84 I 
1 23 . 9  1 1 9 9 . 98 I 
I I I 
I I I 
I I I 
L ..L J 
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Tr ial 0 7  
Start ing Time 7 : 5 S : 15 
Run Number 0 3  
Time 7 : 5 5 : 30 
r T T l 
I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + -t 
1 1 1 . 0  1 zoo . oo l zoo . 5 o I 
I 12 . o I zoo . oo  I zoo . 49  I 
I 12 . 5 I zoo . o2  I zoo . 35  I 
1 13 .  o 1 1 9 9 . 9 8 I zoo . 3 9  I 
1 13 . 5  1 1 9 9 . 9 6 1 zoo . zo I 
1 14 .  o 1 1 9 9 . 94 I zoo . 54  I 
1 14 . 5  1 zoo . oo l zoo . 5 3 I 
1 14 . 8  I zoo . oo  I zoo . 5 3  I 
I I I I 
L � � J 
Run Number 04 
Time 7 : 55 : 45 
r T T l 
I Stat ion I Bed I Water I 
I I E levation I Surface I 
I I I E levat ion I 
� + + 1 
I 1 1 . o I zoo . oo  I 2oo . 49  I 
I 12  . o I 2 o o . oo  I 2 0  o . 46 I 
I 12 . 5 I zoo . 0 1  I zoo . 5 2  I 
I 13 . o 1 19 9 . 9 7 I zoo . 4 1  I 
I 13 . 5  I 1 9 9 . 9 o  I zoo . zo I 
l 14 . o  1 19 9 . 89 l zoo . 58 I 
I 14 . 5  I zoo . oo I zoo . 5 1  I 
I 14 . 8 I zoo . oo  I zoo . 56  I 
I I I I 
L � � J 
60  
Tr ial  0 7  ( cont inued) 
Run Number 05 
Time 7 : 55  : 55  
r T T l 
I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + -t 
1 1 1 .  o I 2oo . oo  I 2oo . 49  I 
I 1 2 . o I 2oo . o5 I 2oo . 46 I 
1 1 2 . 5  I 2oo . o8 I 2oo . 53 I 
l l3 . o  1 1 9 9 . 9 6 l 2oo . 4 1  I 
1 1 3 . 5  1 1 9 9 . 86 I 2oo . 20  I 
l l4 . o  1 19 9 . 86 l 2oo . 5 9 I 
1 14 .  5 I 2oo . oo I 2oo . 58 I 
1 14 .  8 I 2oo . oo  I 2oo . 58  I 
I I I I 
L � � � 
Run Number 0 7  
Time 7 : 55 : 55 
r T T ·1 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E l evat ion I 
� + + 1 
I 1 1  . o I 19  9 . 9 7 I 2 o o . 44 I 
1 12 .  o I 2oo . 15 I 2oo . 4s I 
1 1 2 .  s I 2oo . o3  I 2oo ; 48  I 
1 1 3 .  o I 199 . 88  I 2oo . 4s  I 
1 1 3 .  s I 199 . 7 7  I 2 oo . 20  I 
1 14 .  o 1 19 9 . 7 9  I 2oo . s 4  I 
1 14 .  s I 2oo . o o  I 2oo . ss  I 
1 14 . 8 I 2oo . oo  I 2oo . s 3  I 
I I I I 
L � � J 
Run Number 0 6  · 
Time 7 : 56 : 20 
r T T l 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
r + + 1 
1 1 1 .  o I 2oo . o o  I 2oo . 49  I 
1 1 2 . 0  1 2oo . 1 1 l 2oo . 48 I 
1 12 . s  1 2oo . o 1 l 2oo . 4s I 
1 13 .  o 1 1 9 9 . 9 3 I 2oo . 43  I 
l l 3 . s  1 1 99 . 8 1 1 2oo . 2o I 
l l4 . o  1 1 99 . 82 1 2oo . 5 1 I 
I 14 . s I 2oo . o o  I 2oo . 5 6  I 
I 14 . 8 I 2oo . oo  I 2oo . 5 7  I 
I I I I 
L � j_ J 
Run Number 08  
Time 7 : 56 : 20 
r T T l 
I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
1- + + -t 
I 1 1 . o I 2oo . oo  I 2oo . 48  I 
I 12 . o I 2oo . 1s  I 2oo . 48  1 
I 12 . 5  I 2oo . o2  I 2oo . so  I 
l l 3 . o  1 19 9 . 86 l 2oo . 47 1 
1 1 3 . 5  1 19 9 . 75 1 2oo . 2o I 
l l4 . o  1 19 9 . 7 8 1 2oo . s 8 1 
I 14 . s I 2oo . o o  I 2 oo . ss  I 
I 14 . 8 I 2oo . o o  I 2oo . s s  I 
I I I I 
L � � J 
6 1  
Tr ial  0 7  ( cont inued) 
Run Number  09 
Time 7 : 58 : 30 
r T T 1 
I Station I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + i 
I 1 1 . o I 2oo . 15 I 2oo . 45 I 
1 12 .  o I 2oo . 12  I 2oo . 5 o  I 
1 1 2 . 5 1 1 99 . 9 8 l 2o o . 49 I 
l 13 . o  1 1 99 . 82 l 2oo . 47 I 
1 1 3 . 5  1 1 99 . 7 2 1 2o o . 2o I 
l 14 . o  1 1 99 . 74 l 2o o . 56 I 
1 14 . 5  I 2oo . oo I 2oo . 55 I 
1 14 .  8 I 2oo . oo I 2oo . 55 I 
I I I I 
L 1.. 1.. J 
Run Number 1 1  
Time 8 : 0 3 : 15 
r T T 1 
I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E l evat ion I 
� + + i 
1 1 1 .  o I 2oo . 12  I 2oo . 47  I 
1 12 .  o I 2oo . o6 I 2oo . 5o I 
I 12 . 5 I 2oo . 9 1  I 2oo . 5 o  I 
1 13 .  o 1 199 . 7 3  I 2oo . 48 I 
1 1 3 .  5 I 1 99 . 63  I 2oo . 20  I 
l 14 . o  1 199 . 8 1 1 20o . 5 2 I 
1 14 . 5  1 199 . 98 1 20o . 5 1  I 
1 14 . 8 I 2oo . oo I 2oo . 5 1  I 
I I I I 
L 1.. _L J 
Run Number 1 0  
Time 8 : 00 : 15 
r T T 1 
I Stat ion I Bed I \<later  I 
I I E l evat ion I Sur face I 
I I I E levat ion I 
� + + i 
I 1 1 . o I 2oo . 14 I 2oo . 46  I 
I 12 . o I 2oo . 10  I 2oo . 49  I 
I 12 . 5  I 1 9 9 . 95 I 2oo . 49 I 
l l 3 . o  1 1 99 . 79 l 2o o . 48 I 
I 13 . 5  1 1 99 . 68 I 2oo . 20  I 
l 14 . o  1 1 99 . 74 l 2o o . 5 6 I 
I 14 . 5 I 2oo . oo  I 2oo . 54  I 
I 14 . 8 I 2oo . oo  I 2oo . 54  I 
I I I I 
L 1.. 1.. J 
Run Number 1 2  
Time 8 : 06 : 3 1 
r T T 1 
I Stat ion I Bed I Wat er I 
I I E levat ion I Surface I 
I I I E lev at ion I 
t + + i 
1 1 1 . 0  1 2oo . 1o l 2 oo . 48 1 
I 12 . o I 2oo . o4 I 2oo . 5 1  I 
I 12 . 5  I 1 99 . 88  I 2oo . 5 o  1 
l 13 . o  l 1 9 9 . 7 o l 2oo . 49 1 
1 13 . 5  I 1 9 9 . 62 I 2oo . 2o  1 
I 14 . o I 1 9 9 . 10  I 2oo . 55  1 
1 14 . 5  1 19 9 . 9 6 1 2oo . 5 2 1 
I 14 . 8 I 2oo . oo I 2oo . 5 1  1 
I I I I 
L .l.. .l.. J 
62  
Trial  0 7  ( cont inued ) 
Run Number 1 3  
Time 8 : 12 : 3 1 
r T T 1 
I Stat ion I Bed I Water I 
I ! E levat ion I Sur face I 
I I I E levat ion I 
� 
1 1 1 .  o 
1 12 . 0  
1 12 . 5  
1 13 . 0  
1 1 3 . 5  
1 14 . 0  
1 14 . 5  




I 2oo . o 9  I z oo . 4 9  
I 2 o o  . 12 I z oo . 5 2  
1 19 9 . 83 1 200 . 5 0 
1 1 99  � 6 7 I z oo . 49 
1 1 9 9 . 60 I zoo . zo  
1 19 9 . 6 7 I z o o . 55  
1 19 9 . 94 1 200 . 5 3  
I 2oo . o o  I zoo . 5 3  
I I 
j_ j_ 
Run Number 14 
Time 8 : 15 : 30 
r T 1 
I Stat ion I Bed I 
I I E l evat ion I 
� + i 
1 2 1 . 0  1 zoo . o 1 I 
1 22 . o  1 2oo . o 1 I 
1 22 . 5  1 2oo . oo  I 
l 23 . o 1 19 9 . 9 6 I 
1 23 . 5  1 19 9 . 90 I 
1 23 . 9 1 19 9 . 98 I 
I I I 












Run Number 14 
Time 8 : 15 : 30 
r T T l 
I Stat ion I B ed I Water I 
I ! E levation I Surface I 
I I I E levat ion I 
� + + i 
1 1 1 .  o I zoo . o 7  1 200 . 49 I 
1 1 2 . 0  1 1 99 . 99 1 200 . 5 2 I 
1 12 . 5  1 1 99 . 82 1 200 . 5 0 I 
1 13 . 0  1 1 99 . 66 I 2oo  . 49 I 
1 13 . 5 1 1 99 . 5 8 I 2oo . z o  I 
1 14 . 0  1 1 99 . 66 I zoo . 5 3  I 
1 14 . 5  1 19 9 . 9 2 I zoo . 5 2  I 
1 14 . 8  I 2oo . oo  I zoo . 5 o  I 
I I I I 
L j_ j_ J 
Run Number 2 1  
Time 6 : 10 : 00 
Cross Sect ion at Sect ion 13 . 5  
r 
! D istance From I Bed 
I Wa l l  of  F lume I E levation 
I ( feet ) I ( feet 
� 
I 0 . 0  1 99 . 9 7 
I 0 . 2  1 99 . 94 
I 0 . 4  199 . 94 
I 0 . 6  199 . 9 7 
I 0 . 8  1 99 . 9 8 
I 1 . 0  1 9 9 . 9 7 
I 1 . 2  1 9 9 . 9 6 
I 1 . 4 1 99 . 95 
I 1 . 6  1 9 9 . 9 6 
I 1 . 8  1 9 9 . 9 7 




End of  Tr ial 
r T 1 
l stat ion i Bed I 
I I E levat ion I 
� + -t 
I 2 1 . o I 2oo . oo  I 
I 22 . o I 1 9 9 . 9 8  I 
1 22 . 5  1 19 9 . 96 I 
l 23 . o  1 19 9 . 9 2 I 
I 23 . 3  I 1 9 9 . 89  I 
1 23 . 5  l 19 9 . 9o I 
I 23 . 9 I 2oo . oo  I 
I I I 








Trial  08  
Run Number 2 1  
Time 6 : 10 : 00 
Tha lweg Profile  
r 
I Sect ion I Tha lweg 
I Number ! E l evat ion 
I I ( feet ) 
t-
1 10 . 0  200 . 00 
1 10 . 5  200 . 00 
1 1 1 . 0  200 . 00 
1 1 1 . 5  1 9 9 . 9 9 
1 1 2 . 0  1 9 9 . 9 9 
1 12 . 5  1 9 9 . 9 7 
1 1 3 . 0  1 99 . 95 
1 1 3 . 5  1 9 9 . 94 
1 14 . 0  1 99 . 95 
1 14 . 6  1 9 9 . 9 9 




Tr ial B 
Start ing Time 7 : 1 1 : 12 
Run Number 06 
Time 7 : 12 : 30 
r T T 1 
I Station I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + i 
I 20 . o I 2oo . oo  I 2oo . 33  I 
I 2 1 . o I 2oo . oo  I 2oo . 34  I 
I 22 . o I 2oo . oo  I 2oo . 34  I 
I 22 . 5 I 2oo . oo  I 2oo . 34  I 
I 23 . o I 2oo . oo  I 2oo . 35  I 
I 23 . 2 I 2oo . oo  I 2oo . 35  I 
I 23 . 9 I 2oo . oo  I 2oo . 35  I 
I I I I 
L 1. 1. J 
Run Number 08  
Time 7 : 14 : 30 
r T T l 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E l evat ion I 
� + + i 
I 20 . o I 2oo . oo  I 2o o . 3 o  I 
I 2 1 . o I 2oo . o 1 I 2 oo . 3 o  I I 22 . o I 2oo . oo  I 2oo . 3 3  I 
I 22 . 4  I 1 9 9 . 9 8  I 2oo . 34 I 
I 23 . o I 1 9 9 . 95  I 2oo . 35 I 
I 23 . 3  I 1 9 9 . 94 I 2oo . 35 I I 23 . 9 I 2oo . oo  I 2oo . 34  I 
I I I I 
L 1. 1. J 
Run Number 0 7  
Time 7 : 1 3 : 25 
f T T l I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + i 
I 20 . o I 2oo . oo  I 2 o o . 32  I 
I 2 1 . o I 2oo . 02  I 2oo . 3o  I 
I 22 . o I 2oo . oo  I 2oo . 3 1  I 
I 22 . 5 I 2oo . oo  I 2oo . 34  I 
l 23 . o  1 1 99 . 9 9 l zoo . 35 I 
1 23 . 2  1 1 99 . 98 l 2oo . 3 7 1 
I 23 . 9 I 2oo . o o  I 2oo . 36  I 
I I I I 
L 1. 1. J 
Run Number 09  
Time 7 : 15 : 4 1  
r T T 1 
I Station I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
t- + + i 
I 20 . o I 2oo . oo  I 2oo . 3o  I 
I 2 1 . o I 2oo . oo I 2oo . 3 1  I 
I 22 . o 1 199 . 99  I 2 oo . 33  I 
I 22 . 5  1 1 9 9 . 95 I 2oo . 34 I 
I 23 . o I 1 99 . 9 o  I 2 oo . 3 6  I 
1 2 3 . 2  l 1 99 . 9 o l 2oo . 35 1 
I 23 . 9 I 2oo . oo  I 2oo . 34  I 
I I I I 
L ...1.. 1. J 
65 
Trial B ( cont inued) 
Run Number 10  
Time 7 : 16 : 43 
r T T 1 
I Stat ion I Bed I Water I 
I I E levat ion I Sur face I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo  I 2oo . 3 o  I 
I 2 1 . o I 2oo . oo  I 2oo . 3 1  I 
I 22 . o I 199 . 9 8  I 2oo . 3 3  I 
I 22 . 5 I 199 . 94  I 2oo . 34  I 
I 23 . o I 199 . 9 o  I 2oo . 35 I 
I 23 . 2 I 1 99 . 9 o  I 2oo . 35 I 
I 23 . 9  I 2oo . o o  I 2oo . 33  I 
I I I I 
L ..L ..L J 
Run Number 1 2  
Time 7 : 23 : 30 
r T T l 
I Station I Bed I Water I 
I ! E levation I Surface I 
I I I E levat ion I 
r + + 1 
I 20 . o I 2oo . oo I 2oo . 3o  I 
1 2 1 . o  1 199 . 9 7 1 20o . 3 1 I 
1 22 . o  1 1 99 . 95 l 2o o . 33 I 
1 22 . 5  1 1 99 . 9 2 l 2o o . 34 I 
I 23 . o I 199 . 88 I 2oo . 35 I 
1 23 . 2 1 1 99 . 8 7 l 2o o . 35 I 
I 23 . 9 I 2oo . oo I 2oo . 32  I 
I I I I 
L ..L ..L J 
Run Number 1 1  
Time 7 : 20 : 3 1 
r T T l 
I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
t + + i 
I 20 . o I 2oo . oo  I 2oo . 3 1  I 
I 2 1 . o I 2oo . oo  I 2oo . 3 2  I 
1 22 . 0  1 1 9 9 . 95 l 2oo . 33 I 
1 22 . 5  1 19 9 . 9 2 l 2oo . 33 1 
l 23 . o  l 1 9 9 . 9 o l 2oo . 35 I 
I 23 . 2  1 1 9 9 . 88 I 2oo . 34  I 
I 23 . 9 I 2oo . oo  I 2oo . 33  I 
I I I I 
L ..L ..L J 
Run Number 1 3  
Time 7 : 30 : 4 1 
r T T l 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E l evat ion I 
t + + i 
I 20 . o I 2oo . oo I 2oo . 3o  I 
I 2 1 . o 1 1 9 9 . 9 7 I 2 oo . 3o  1 
I 22 . o I 1 9 9 . 95 I 2oo . 3 2  I 
1 22 . 5  1 19 9 . 9 2  I 2 oo . 33  I 
I 23 . o I 1 99 . 88 I 2oo . 34  I 
I 23 . 2 1 19 9 . 85 I 2oo . 34 I 
I 23 . 9 I 2oo . oo I 2oo . 32 I 
I I I I 
L ..L ..L J 
66 
Trial  B ( cont inued) 
Run Number 14  
Time 7 : 40 : 30 
r T T 1 
I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + 1 I 20 . o I 2oo . oo  I 2 o o . 3o  I 
1 2 1 . 0  1 19 9 . 9 7 1 2o o . 3o I 
I 22 . o I 199 . 95  I 2oo . 3 2  I 
1 22 . 5  1 19 9 . 9 2 l 2o o . 33 I 
l 23 . o  1 19 9 . 8 7 l 2o o . 34 I 
1 23 . 2  1 19 9 . 82 l 2o o . 34 I 
I 23 . 9  I 199 . 98 I 2oo . 3 1  I 
I I I I 
L j_ j_ J 
Run Number 1 6  
Time 8 : 00 : 30 
r T T 1 I Stat ion I Bed I Water I I I E levat ion I Sur face I 
I I I E l evat ion I 
� + + -t 
I 20 . o I 2oo . oo  I 2oo . 28 I 
1 2 1 . 0  1 1 9 9 . 9 8 1 2o o . 29 I 
1 22 . o  1 1 9 9 . 9 6 1 2o o . 3 1 I 
1 22 . 5  1 19 9 . 9 0 l 2o o . 33 I I 23 . o I 19 9 .  80  I 2oo . 33  I 
1 23 . 2  1 1 9 9 . 7 9 1 2o o . 32 I 
I 23 . 9  I 199 . 89 I 2oo . 3 o  I 
I I I I 
L j_ j_ J 
Run Number 15  
Time 7 : 5 0 : 30 
r T T 1 I Stat ion I Bed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo  I 2oo . 29  I 
1 2 1 . o  1 19 9 . 9 8 l 2o o . 3o I 
I 22 . o I 199 . 95  I 2 o o . 3 1  I 
I 22 . 5  1 199 . 9 o  I 2 o o . 3 3  I 
I 23 . o I 199 . 82  I 2oo . 3 3  I 
I 23 . 2  I 199 . 8 o  I 2oo . 3 2  I 
I 23 . 9  I 199 . 98 I 2oo . 3 1  I 
I I I I 
L j_ j_ J 
Run Number 1 7  
Time 8 : 1 0 : 30 
r T T l I Station I Bed I Water I 
I I E levat ion I Surface I 
I I I E lev at ion I 
� + + 1 I 20 . o I 2oo . o o  I 2oo . 2 8  I 
1 2 1 . 0 1 1 99 . 9 8 1 2o o . 29 1 
1 22 . 0  1 1 99 . 9 6 1 2o o . 3 1 1 
1 22 . 5  l 1 99 . 9 o l 2o o . 33 1 
l 23 . o  l 1 99 . 8 o 1 20o . 32 1 
1 2 3 . 2  1 1 99 . 7 9 l 2o o . 32 I 
I 23 . 9  1 1 99 . 9 8 I 2 o o . 3 o  I 
I I I I 
L j_ j_ J 
6 7  
Trial  C 
Start ing Time 9 : 15 : 35 
Run Number 03  
Time 9 : 15 : 45 
r T T 1 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo I 2oo . 38 I 
I 2 1 . o I 2oo . oo I 2oo . 39  I 
I 22 . o I 2oo . oo I 2oo . 4o I 
I 22 . 5 I 2oo . oo I 2oo . 4o I 
I 23 . o I 2oo . oo I 2oo . 4o I 
I 23 . 2  I 199 . 9 9  I 2oo . 4o I 
I 23 . 9 I 2oo . oo  I 2oo . 4o  I 
I I I I 
L .1. .1. J 
Run Number 10  
Time 9 : 20 : 30 
r T T 1 
I Stat ion I Bed I Water I 
I I E l evat ion I Surface I 
I I I E levat ion I 
� + + � 
I 20 . o I 2oo . oo I 2oo . 3o  I 
I 2 1 . o I 2oo . oo I 2oo . 3o  I I 22 . o I 2oo . oo I 2oo . 3 1  I 
1 22 . 5  l t 99 . 9 8 1 2oo . 32 I 
l 23 . o  1 1 99 . 9 6 l 2oo . 33 I 
1 23 . 2  1 1 99 . 9 5 l 2oo . 34 I 
I 23 . 9 I 2oo . oo I 2oo . 3 3  I 
I I I I 
L .1. .1. J 
Run Number 08  
Time 9 : 18 : 05 
f T T 1 
I Stat ion I Bed I Wat er I 
I ! E levat ion I Surface I 
I I I E levat ion I 
t- + + 1 
I 20 . o I 2oo . o t  I 2oo . 3 o  I 
I 2 1 . o I 2oo . oo I 2oo . 3 1  I 
I 22 . o I 2oo . oo I 2oo . 3 1  I 
I 22 . 5 I 2oo . oo I 2oo . 3 2  I 
l 23 . o  l t 9 9 . 9 7 l 2oo . 33 1 
I 23  . 2 I 19  9 . 9 6 I 2 o o . 34 I 
I 23 . 9 I 2oo . oo I 2oo . 33  I 
I I I I 
I .1. .1. J 
Run Number 12  
Time 9 : 25 : 30 
r T T 1 
I Stat ion I Bed I Water I 
I I E levation I Surface I 
I I I E levat ion I 
t- + + 1 
I 20 . o I 2oo . oo I 2oo . 3o  1 
I 3 1 . o 1 1 9 9 . 98 I 2oo . 3o  I 
I 22 . o l t 9 9 . 9 8  I 2oo . 3 1  1 
I 22 . 5  1 199 . 9 7 I 2oo . 32  1 
l 23 . o  1 1 9 9 . 95 l 2oo . 33 1 
I 23 . 2  1 1 9 9 . 9 1  I 2oo . 33  I 
I 23 . 9 I 2oo . oo I 2oo . 32 1 
I I I I 
L .1. .1. J 
68  
Trial  C ( cont inued) 
Run Number 14 
Time 9 : 30 : 55 
r T T 1 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo  I 2oo . 3 o  I 
1 2 1 . 0  1 199 . 9 7 1 2oo . 3o I 
I 22 . o I 199 . 9 1  I 2oo . 3 1  I 
1 22 . 5  1 1 9 9 . 9 7 1 2oo . 3 2 I 
I 23 . o I 199 . 94  I 2oo . 3 3  I 
I 23 . 2 I 199 . 9 o  I 2oo . 3 3  I 
I 23 . 9 I 2oo . oo  I 2oo . 32  I 
I I I I 
L ..1. .l.. J 
Run Number 1 7  
Time 9 : 45 : 30 
r T T 1 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E l evat ion I 
� + + 1 
I 20 . o I 2oo . oo I 2oo . 3o I 
I 21 . o I 199 . 9 7 I 2oo . 3 o  I 
I 22 . o I 199 . 9 1  I 2oo . 3 o  I 
I 22 . 5  I 199 . 9 7 I 2oo . 32  I 
I 23 . o I 1 9 9 . 9 1  I 2oo . 3 3  I 
I 23 . 2 I 199  . 9 o  I 2oo . 3 3  I 
I 23 . 9 1 .2oo . oo  I 2oo . 3o I 
I I I I 
L ..1. .l.. J 
Run Number 15 
Time 9 : 35 : 55 
f T T 1 
I Stat ion I Bed I Water  I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo  I 2oo . 3o  I 
I 21 . o 1 1 99 . 9 7 I 2oo . 3 o  I 
1 22 . 0  1 1 99 . 98 l 2oo . 3 1 1 
1 22 . 5  1 1 9 9 . 9 7 1 20o . 32 1 
l 23 . o  1 1 99 . 92 ! zoo . 3 3 1 
1 23 . 2  l 1 99 . 9o l 2oo . 3 3 1 
I 23 . 9 I 2oo . oo  I 2oo . 3 1  I 
I I I I 
L .l.. .l.. J 
Run Number 1 9  
Time 9 : 55 : 32 
r T T 1 
I Station I Bed I Water  I 
I ! E levation I Surface I 
I I I E levat ion I 
� + + 1 
I 20 . o I 2oo . oo I 2oo . 3 o  I 
1 2 1 . 0  1 1 9 9 . 9 7 1 2oo . 3o 1 
1 2 2 . 0  1 1 9 9 . 9 7 1 2oo . 3o 1 
I 22 . 5  I 1 9 9 . 9 8 I 2oo . 3o  I 
1 23 . o 1 1 9 9 . 9 o  I 2oo . 3 3  I 
1 23 . 2 I 1 9 9 . 88 I 2oo . 3 2  I 
1 23 . 9 I 2oo . oo  I 2oo . 3 1  1 
I I I I 
L .l.. .l.. J 
69  
Trial C ( cont inued) 
Run Number 20 
Time 9 : 5 7 : 0 7 
r T T l 
I Stat ion I Bed I Water I 
I I E levation I Surface I 
I I I E levat ion I 
� + + � 
I 20 . o � 2oo . oo  I 2oo . 29  I 
l· 2 1 . o  1 199 . 9 7 1 2oo . 3o I 
I 22 . o I 1 9 9 . 98  I 2oo . 3o  I 
1 22 . 5  1 1 9 9 . 9 5 1 2o o . 3 1 I 
l 23 . o  l 1 99 . 9 o 1 2oo . 32 I 
I 23 . 2 I 19 9 . 86  I 2oo . 32  I 
I 23 . 9 I 2oo . oo  I 2oo . 30  I 
I I I I 
L 1. 1. J 
Run Number 22 
Time 7 : 40 : 30 
r T T l 
I Stat ion I Bed I Water I 
I ! E l evat ion I Surface I 
I I I E levat ion I 
� + + � 
1 2o . o  1 1 9 9 . 9 9 1 200 . 28 I 
1 2 1 . 0  1 1 9 9 . 9 7 1 2oo . 3o I 
1 22 . 0  1 1 9 9 . 9 6 1 2oo . 3 1 I 
I 22 . 5  1 1 9 9 . 9 2 I 2oo . 3 2  I 
I 23 . o 1 1 9 9 . 88 I 2oo . 32  I 
1 23 . 2  1 1 9 9 . 84 1 2oo . 32 I 
I 23 . 9 I 2oo . oo  1 2oo . 3o  I 
I I I I 
L 1. 1. J 
Run Number 2 1  
Time 10 : 05 : 30 
r T T 1 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E levat ion I 
� + + i 
I 20 . o I 2oo . o o  I 2oo . 28  1 
1 2 1 . 0  1 19 9 . 9 7 1 2oo . 3o 1 
I 22 . o I 1 9 9 . 9 8  I 2oo . 3 o  I 
1 2 2 . 5  1 19 9 . 94 1 2oo . 3 1 I 
I 23 . o I 1 9 9 . 88  I 2oo . 32 I 
I 23 . 2  1 19 9 . 85 I 2oo . 3 1  I 
I 23 . 9 I 2oo . oo  I 2oo . 3o  1 
I I I I 
L 1. 1. J 
7 0  
Tria l D 
St art ing Time 8 : 12 : 20 
Run Number 03  
Time 8 : 1 2 : 3 1 
r T T l 
I Stat ion I Bed I Water I 
I ! E levat ion I Surface I 
I I I E l evat ion I 
� + + -t 
I 20 . o I 2oo . oo  I 2oo . 43  I 
I 2 1 . o I 2oo . oo  I 2oo . 42  I 
I 22 . o I 2oo . oo  I 2oo . 43  I 
I 22 . 5 I 2oo . oo  I 2oo . 43  I 
I 23 . o I 2oo . oo  I 2oo . 42  I 
I 23 . 2 I 2oo . oo  I 2oo . 42  I 
I 23 . 9 I 2oo . oo  I 2oo . 45 I 
I I I · I 
L � � 1 
Run Number 0 7  
Time 8 : 14 : 30 
r T T l 
I Stat ion I Bed I Water I 
I ! E levation I Surface I 
I I I E levat ion I 
� + + -t 
I 20 . o I 2oo . oo I 2oo . 3 2  I 
I 2 1 . o I 2oo . oo I 2oo . 3 3  I 
I 22 . o I 2oo . oo I 2oo . 3 8  I 
1 22 . 4  1 199 . 9 8 l 2oo . 39 I 
I 23 . o I 1 99 . 95 I 2oo . 3 9  I 
I 23 . 2 I 1 99 . 9 3  I 2oo . 3 9  I 
I 23 . 9 I 2oo . oo I 2oo . 4o I 
I I I I 
L � � J 
Run Number 06  
Time 8 : 13 : 35 
r T T l 
I Stat ion I Bed I Water  I 
I ! E levat ion I Surf ace I 
I I I E levat ion I 
t + + -t 
I 20 . o I 2oo . o 1  1 2oo . 3 7  I 
I 2 1 . o I 2oo . oo  I 2oo . 3 1  I 
I 22 . o I 2oo . oo  I 2oo . 31  I 
I 22 . 5 I 2oo . oo I 2oo . 3 8  I 
I 23 . o I 2oo . oo I zoo . 39  I 
I 23  . 2 I 2 o o . o o I 2 oo  . 3 9 I 
I 23 . 9 I 2oo . oo  I 2oo . 4o  . I 
I I I I 
L � � J 
Run Number  08  
Time 8 : 15 : 30 
r T T l 
I Stat ion I Bed I Water  I 
I ! E levat ion I Sur face I 
I I I E levat ion I 
r + + -t 
I 20 . o I 2oo . o 1 I 2oo . 3 3  I 
I 2 1 . o I 2oo . oo I 2oo . 34 I 
I 22 . o I 1 99 . 9 8  I 2oo . 3 8  I 
I 22 . 5  1 1 99 . 96 I 2oo . 3 8  I 
I 23 . o 1 1 99 . 9 o  I 2 oo . 3 9  I 
1 23 . 2  l 1 99 . 9 o l 2oo . 39 1 
I 23 . 9 I 2oo . oo  I 2oo . 3 9  I 
I I I I 
L � � J 
7 1 
Tr ial  D ( cont inued) 
Run Number 09  
Time 8 : 1 6 : 34 
r T T l I Stat ion I B ed I Water I 
I I E levat ion I Surface I 
I I I E l evat ion I 
� + + -t I 20 . o I 2 o o . oo  I 2oo . 33  I 
I 2 1 . o I 2 oo . o o  I 2oo . 35 I 
I 22 . o I 1 9 9 . 96 I 2oo . 39 I 
1 22 . s  1 19 9 . 9 3 l 2o 0 . 39 I 
I 23 . o I 1 9 9 . 9 o  I 2oo . 3 9  I 
1 23 . 2  1 1 9 9 . 88 l 2o o . 39 I 
I 23 . 9 I 2oo . o o  I 2oo . 38  I I I I I 
L J.. J.. J 
Run Number 12 
Time 8 : 20 : 30 
r T T 1 
I Stat ion I B ed I Water I 
I I E levat ion I Surface I 
I I I E levat ion I 
� + + i I 20 . o I 2oo . oo I 2oo . 37  I 
1 2 1 . 0 1 19 9 . 9 7 l 2oo . 3 7 I 
1 22 . 0  1 1 9 9 . 9 2 l 2oo . 39 I 
1 2 2 . 5  1 1 9 9 . 9 1 l 2oo . 39 I 
I 23 . o I 1 9 9 . 88 I 2oo . 39 I I 23 . 2 I 1 9 9 . 81  I 2oo . 39  I I 23 . 9 I 2oo . oo I 2oo . 3 7 I I I I I 
L ..1. J.. J 
Run Number 10  
Time 8 : 1 7 : 30 
r T T l I Stat ion I B ed I Water I 
I I E levation I Sur face I 
I I I E levat ion I 
t + + i I 2o . o I 2oo . o o  I 2 o o . 34 I 
I 2 1  � o I 2oo . o o  I 2oo . 3 1  I 
I 22 . o I 1 9 9 . 9 4  I 2oo . 3 9  I 
1 22 . 5 1 19 9 . 9 2 l 2oo . 39 1 
l 23 . o  l 1 9 9 . 9 o l 2oo . 39 1 
I 23 . 2  1 1 9 9 . 88  I 2oo . 3 9  I 
I 23 . 9  I 2oo . oo  I 2oo . 3 7  I 
I I I I 
L l. J.. J 
Run Number 14  
Time 8 : 25 : 42 
r T T l I Stat ion I B ed I Water  I 
I I E levat ion I Surface I I I I E levat ion I 
� + + i 
1 2 o . o  1 1 99 . 98 l 2o o . 34 1 
1 2 1 . 0  1 19 9 . 96 l 2o o . 35 I 
1 2 2 . 0  1 1 99 . 9 2 l 2o0 . 3 7 I 
1 2 2 . 5  1 1 99 . 9 1  l 2oo . 38 I 
I 23 . o 1 19 9 . 85 I 2oo . 38 I 
I 23 . 2 1 19 9 . 84 I 2oo . 38 I 
I 23 . 9 I 2oo . o o  I 2oo . 34 I 
I I I I 
L J.. J.. J 
7 2  
Tr ial  D ( cont inued) 
Run Number 15  
Time 7 : 40 : 30 
r T T 1 
I Stat ion I Bed I Wat er I 
I ! E levat ion I Sur face I 
I I I E l evat ion I 
� + + 1 I 20 . o I 199 . 9 8  I 2oo . 3 2  I 
1 2 1 . 0  1 19 9 . 9 6 l 2oo . 33 I 
1 22 . 0  1 19 9 . 9 1 l 2oo . 36 I 
1 22 . 5  l 19 9 . 9o 1 2oo . 3 1 I 
I 23 . o I 199 . 85 I 2oo . 38 I 
I 23 . 2  1 1 9 9 . 82 I 2oo . 38 I 
I 23 . 9 I 2oo . oo I 2oo . 33 I 
I I I I 
L ..L ..L J 
Run Number 18  
Time 8 : 00 : 30 
r T T 1 I Stat ion I Bed I Water I 
I ! E l evat ion I Surface I I I I E l evat ion I 
� + + 1 
1 2o . o  1 19 9 . 9 7 1 2oo . 3 1 I 
1 2 1 . o  1 19 9 . 9 7 1 2oo . 3 2 I 
1 2 2 . 0  1 19 9 . 9 1  l 2oo . 3 6 I 
I 22 . 5  1 19 9 . 88  I 2oo . 38  I 
I 23 . o I 199 . 8o  I 2oo . 31  I 
1 23 . 2  1 1 9 9 . 7 9 l 2oo . 3 7 I 
I 23 . 9 I 2oo . oo I 2oo . 32 I I I I I 
L ..L ..L J 
Run Number 1 7  
Time 7 : 50 : 30 
r T T 1 I Stat ion I Bed I Water  I I I E levat ion I Surface I 
I I I E l evat ion I 
t- + + 1 I 20 . o I 199 . 9 8 I 2oo . 3 2  I 
1 2 1 . 0  1 1 99 . 9 7 l 2oo . 33 I 
1 22 . 0  1 1 99 . 9 2 l 2oo . 35 I 
I 22 . 5  I 199 . 88  I 2oo . 3 8  I 
I 23 . o I 199 . 82  I 2oo . 3 8  I 
I 23 . 2  I 199 . 8o I 2oo . 38 I 
I 23 . 9 I 2oo . oo I 2oo . 3 3  I 
I I I I 
. L  ..L ..L J 
Run Number 19  
Time 8 : 10 : 30 
r T T l I Stat ion I Bed I Water  I I I E levat ion I Surface I 
I I I E levat ion I 
t- + + 1 I 20 . o 1 1 9 9 . 96 I 2oo . 3 2  I 
1 2 1 . 0  1 1 9 9 . 9 6 l 2oo . 33 I 
I 2 2 . o 1 1 9 9 . 9 0 I 2oo . 36  I 
1 2 2 . 5 1 1 9 9 . 85 1 2oo . 3 1 I 
l 2 3 . o  1 1 9 9 . 7 8 1 2oo . 3 1 I 
1 2 3 . 2  1 1 9 9 . 7 8 1 2oo . 3 1 I 
1 2 3 . 9 I 2oo . oo I 2oo . 3 2  I I I I I 
L ..L ..L J 
Run Number 20  
Time 8 : 00 : 30 
Tr ial D ( cont inued) 
r T T l 
I Stat ion I Bed I Water  I 
I I E levat ion I Surface I 
I I I E l evat ion I 
� + + � 
I 20 . o 1 19 9 . 96  I 2oo . 32  I 
I 2 1 . o 1 1 99 . 96  I 2oo . 34 I 
I 22 . o I 1 99 . 9 o  I 2oo . 35 I 
1 22 . s  1 19 9 . 84 l 2o o . 3 6 I 
l 23 . o  1 19 9 . 7 7 l 2oo . 3 7 I I 23 . 2 I 1 9 9 . 7 8  I 2oo . 3 7 I 
I 23 . 9 I 2oo . oo  I 2oo . 3 1  I 
I I I I 
L j_ j_ J 
7 3  
Appendix C 
Present ed below is  the data s ets for the mode l and s e lect ed 
amounts of output for each trial  which was presented in Chapter 4 .  The 
time periods , i . e .  runs , correspond to the runs presented in Appendix B .  
- 7 L... -
TRIAL 5 DATA SET 
T J.  T 1 1 l � J U U  J .> l >  li U . - c, , ) l lJ I I<I t N T A T I Ll N PkUGRAM 
T Z T i , f  F tk I Wl J  
T J  t l U � c  O j  
r . <.. u . v  " · () . ·J l � . u  . v  x ( ' · j . •J - -4-. 0  O . !J
. 
1 . ' J4 u 
. 
0 . 0  0 . 0 - -
f,o( 2 0L . O O. 00 l -J J . O O U . U O l Z U O . OO 1 . 94 7  
H 3 • 0 0 .  1.H )  () !> l • ' 1 't ( 5 
� 1  s . a  4 . 0 � . J 1 . � . H z . u 
l U O . O O 
L . O  
L .  9 4 1 vi< l u L . IJ  l.i . O O  .! 'J •J • .  U O  0 . 0 0 1  
H 5 . 0  Q . C : Q ') ') l . 'J it 7 5 
-·x c  1 . ;;  4 . J o . J i .  ;; ., u  z . o  
t . <J 't l  � k  2 �L . U O . J O � JU . 00 u . J v l  I t  7 . 0 O . Q O U !> 1 . 'J ·t 7 �  
A 1  'J . I.J 4 . v o . u  t . '; 4 fl  2 . 0  
2 0 0 . 0 0 
2 . 0  
1 .  94 7 G �  L I.Jl . J u. oo L JO . uu o . o u 1  
H ? . U  1 . U U J 5  1 . � • 1 5 
---rrl o . o ·-4- o---,>·. ·.:f - -- - - 1 . ·• '• u - - - i : 1---- - 1 . o 
�� l i.JL . J I.J . � O  L u � . IJ IJ 0 . 1J U 1  L U O . IJ O  1 . � � 1  
H 1 •J . � U . I) U !J :>  l o ' l 1o 7 'J  
x L  l l . u  4 . C  � . J L . i 4 d  1 . u 
2 0 0 . J O  
1 .  0 
L .  94 7 l> �  l 0l . �  O . U O  2 0 U . J J 0 . U 0 l 
1 1  1 1 . 0  u . J U oJ 'J  
A 4 1 1 . 1 .:. .  ')- ·-- - li .  -J 
�� l � L . J  U o iJ IJ  / G J . O  
11 1 1 . 1  IJ . U U •J '>  
l . ' J 4 7 ".J  
l .  ':l •t ti 
O . U CJ l 
L .  'l 't / 5  
J . "l  
z o o . o  
0 . 9 
1 .  '14 7 
lt l 1 L • 4 4 • ,) U • 1J 1 • · 1 4  d 0 . 5  
2 0 0 . 0 0  G P  Z IJ Z . J  O . JO  2 0 0 . 00 J . U O L  1 .  9 4  7 
11 L l . -.  o . v u o �  t . ·l .  f 5 
-- x r  L l . 'l 4 . o u . u 1 . ', .. u 0 . 5  
v k  L J I. . u  J . J J  z ..; u . ;J u  , J . ,J J l t .  •)4 7 
H 1 � . ·� u . o rJ 0 5  1 . ·1 ,. 7 5 
X 1 l J • 4 4 • 0 r; • <) l .  (j . u  0 . '> u . s  
�:(  v . · J 2 0 V o 1t 0  IJ . I) U o ll v .  \) u . u  
1 . 9 4 7 C.�e. i. ... - 2. . 0  u .  00 l ) ) . Jv U . O O l L O u . O O 
H l ) . 4  n . O U U 'J  1 . � � 1 :>  
..< l  l J .  J " .  0 
ti ,.( ) • \) 
(, i( L ·� L • U U • 0 0 
14  6 J o l 
.X L  1 4 . 4  4 . 0  
u "\  2 JL . J  u . u iJ  
t t  i 4 .  4 
,(l 1 ::0 . 0  1t . C  
(, I{  ' 0  l • ,j - J • I) J 
) • j 
1 /. . <J  
2 J IJ . JJ 
:1  . o o o :>  
\) . 'J 
, Jo . u u 
') . · ) u .) :> 
u . i.J  
l 'I  J • ' I 'J 
H 1 5 . �  o . v o J :>  
X l  l b . J 4 . 0 0 . U  
G R  Z Ol . v  J . v O _____ l 'l '-l . 'l d  
t l  1 6 .  J u .  J J 0 5  
- ·. A L 1 1 • IJ 4 • I) (J • u t.�<'. 2 < u . J  -.� . J o  l 'J 'I . 'I d  
h 1 1 . 0  J . o o o �  
x 1  l a . u  4 . u IJ . o 
�p 2 0 2 . 0  u . o o  1 � � . � 5 
H 1 d . O  O . J U O j  
X l l 9 • U 4 • 0 1) • 0 
�K l u2 . U ��-0� 1 � 9 . � 3 
H 1 ? . 0 J . 0 0 0 �  
X 1  .2 C) . J  4 . 0  O . rJ  
,...--�.ok z v z .o·- o . uo- - -- 1 'I 'I . J 8  
� 2 0 . 3 u . o u u s  
A 1  l l . O �(J- - 0 . 1 1 
G �  L u l . U  U . JO 1 � 9 . tl � 
H L 1 . J U . 0 0 U �  
� 1  2 1 . 5  4 . C) 0 . � 
v �  L J L . J . u . JO l '' H . U J 
I t  , l . �  
X l  l L . IJ 't o O  
.-K L O L . U  O . v J 
It l 2. .  1) 
X 1  � l. . J J  4 . J 
; ,i\ - , o i. . J · o . o •'> 
t1 2. l. .  j J  
X 1 2 2 • o T 4 • •) 
l.. "'- l, f_:L . U  U . ·) \J 
H l L. b 1  
u . u u u .;  
I) . (J  
l '� 1 . f v 
J . :) O · J � 
J . J  - - l 'J ' : . I .J 
I) . ') r,.) •, 
:J . J 
1 9 '• . { .... 
J o O IJ 0 !1 
l . 9 't d  
I. j .  '• 
u . u J L  
l .  ' J '• ., .,  
o . s  
J . IJ  
L. O U . IJ O 
0 . 5  
o . J  
1 .  9 4  7 
l . � 4 U  0 . 5  0 . 5  
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